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TIIE EFFECI' OF CROP YIELD POTENTIAL ON 
DISEASE:YIELD LOSS RELATIONSHIPS 
IN BARLEY (Hordeum vulgare L.). 
by 
HELEN O. WHELAN 
Proportional loss models commonly used in disease surveys are based on the assumption 
that per cent yield loss is the same in all crops, regardless of their yield potential. 
Estimates of regional crop loss may be inaccurate if the relationship between disease and 
yield loss is affected by crop yield potential. The importance of crop yield potential in 
disease:yield loss modelling was investigated and models for more accurate regional crop 
loss estimates were developed, taking crop yield potential into account. 
i 
Two spring sown barley (cv. Triumph) experiments were conducted in 1987/88 and 
1988/89 in Canterbury, New Zealand, to study the effect of crop yield potential on the 
relationship between disease and yield loss. Crop yield potentials of 323 to 806gDM/m2 
were generated in seven crops by varying nitrogen and water inputs, sowing date (mid~ 
spring and early~summer) and season. Leaf rust (Puccinia hordei Otth) epidemics of 
different severity were generated by applying fungicides at different times, frequencies and 
rates to control the natural epidemics. Disease was measured as per cent disease severity 
(%DS), green leaf area, radiation interception and near~infrared radiation (NIR) reflectance 
from crop canopies. Yield was measured as total and grain dry weight. 
Epidemics were severe in the fully diseased plots from OS 34 and 46 to maturity in the late 
and early sown crops respectively. Disease reduced grain yield by 50 to 63%· in 1987/88 
and 24 to 38% in 1988/89 in the fully diseased plots. 
ii 
Disease:yield loss models were derived by regression analysis for each crop in 1987/88. 
Single point, multiple point and area under curve models were derived from %DS and ~ 
GLAI variables, and proportional (%) and actual (gDM/m2) grain yield. The effect of 
yield potential was determined by comparing regression equation coefficients for each crop 
with crop yield potential. An area under green leaf area index curve (AUGLAIC):actual 
yield model was best suited to determining the effect of yield potential on yield loss. This 
model was selected because AUGLAIC summarised the effect of disease on plant growth 
over the season and actual yield represented the crop yield potential in the absence of 
disease and the response of actual yield to disease. Crop yield potential did not affect 
actual yield loss caused by leaf rust. 
Disease measured as AUGLAIC explained most of the variation in yield (R2 adj=O.93) for 
all crops in both years. Assessment of GLAI is not suitable for estimation of regional crop 
loss because of the requirement for a rapid and low cost method. Reflectance of NIR from 
the crop canopy was investigated as an alternative to GLAI measurements. Reflectance 
was correlated significantly (P<O.OOI) with GLAI (r=0.66 to 0.89) and green area index 
(r=O.76 to 0.92). Reflectance measured at grain-filling (GS 85-87) explained most 
(R2 adj=O.94) of the variation in yield for all crops in both years. 
The relationship between AUGLAIC and yield was validated with data from independent 
diseased and healthy barley crops. The AUGLAIC:yield model described the effects of 
disease on yield accurately but overestimated yield by 49 to 108% in the healthy crops. 
Models based on accumulated PARijintercepted by green leaves explained the observed 
deviations in yield of these crops from the AUGLAIC:yield model. Accumulated PAR 
models accounted for differences in incident radiation, canopy structure, radiation 
interception by green leaves, radiation use efficiency and harvest index which are 
important in determining dry matter production and grain yield. Accumulated PAR 
models described the effects of disease on crop growth which were not represented by 
GLAI alone. 
Variation in crop yield potential at the regional scale is important in disease:yield loss 
modelling and can be accounted for by using either separate equations for each yield 
potential crop or crop category, robust models, inclusion of a form function for yield 
potential or choice of disease and yield variables which integrate yield potential. 
11 !:photosynthetiCallyactive radiation: 
KEYWORDS: barley; Hordeum vulgare; leaf rust; Puccinia hordei; yield loss 
assessment; yield potential; disease assessment; green leaf area; reflectance; disease 
models. 
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CHAPTERl 
LITERATURE REVIEW 
1.1 INTRODUCTION 
Crop loss, dermed as the measurable reduction in quantity and/or quality of yield 
(Chiarappa, 1971; Main, 1983) is the result of a limitation to plant productivity caused by 
pests, commonly diseases, insects and weeds. Crop loss is usually an estimate of the 
overall loss in yield for a region or country, based on yield losses recorded for specific 
experiments or locations (MacKenzie, 1983). Crop loss assessment is an identification and 
quantification of pest constraints to crop production. For example, Burleigh et al. (1972) 
reported that yield reductions in wheat caused by Puecinia reeondita (Roberge ex 
Desmazieres f.sp. tritiei) could be estimated from measurements of leaf rust at the 
beginning of grain filling. Reductions in potato yield caused by leafhopper (Empoasea 
jabae (Harris» were related to the amount of defoliation which occurred during the 
growing season (Johnson et al., 1987). Methods of estimation of crop losses caused by 
pests are based largely on empirical models (Teng, 1987) which correlate observations and 
do not necessarily explain the effect of pests on yield (Rouse, 1983). Recently there has 
been an increased awareness that empirical models used in regional crop loss assessment 
have limitations (Teng and Oshima, 1983; Kim and MacKenzie, 1987; Teng and Johnson, 
1988) and that they need to be improved for accurate estimates of regional crop loss 
(Chiarappa, 1981; MacKenzie, 1983). The objective ofthis thesis was to derive valid, 
empirical disease:yield loss models which could be used for accurate estimation of 
regional crop loss. 
There is a large amount of infonnation available on crop and yield losses at global, 
regional, district, farm, field, plot and plant levels (Walker, 1983; Kim and MacKenzie, 
1987). For example, pre- and post-harvest losses caused by pests have been estimated at 
35% and 20% respectively (Cramer, 1967). It must be questioned whether these estimates 
are accurate, as it is unlikely that agriculture could be sustained at these levels of loss. 
Currently there is a programme to update and improve these estimates (Nutter, peTS. 
eomm.). Inaccurate estimates of crop loss have been made also for specific crops when 
losses caused by multiple pests have been assumed to be additive. Pimentel et al. (1978) 
found that estimates of apple losses due to pests totalled 126%. MacKenzie (1983) 
reported a crop loss of 41 % for pest constraints, harvest and storage waste in wheat from 
one source in the U.S.A. A similar percentage loss of potato yield to pest constraints was 
reported by MacKenzie and King (1980). 
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Accurate and reliable crop loss data are needed to monitor the effects of pests on crop 
production, in individual countries and worldwide, for several short and long tenn 
objectives. Government and international agencies need crop loss statistics for social and 
economic decision making and identification of research and extension priorities for the 
allocation of scarce resources (Chiarappa, 1981; Smith et al., 1984). The stability and 
security of agricultural production in undeveloped countries can be improved by accurate . 
loss data. Governments have the opportunity to import food materials in anticipation of 
shortages based on these data (Walker, 1983). This infonnation can also be used to reduce 
the risk of severe epidemics which result in large losses of yield by applying appropriate 
disease management strategies. Accurate loss data can also improve production efficiency 
in developed countries, and allow for surpluses to be sold cheaply to undeveloped 
countries in times of shortages. Producers and advisors need specific figures to establish 
sound plant protection programmes for economic and effective control of pests (James and 
Teng, 1979; Smith et al., 1984). Accurate loss data are required for increased 
understanding of relationships of disease to yield loss (Loomis and Adams, 1983; Gaunt, 
1987a) for the development of effective and efficient research programmes (James and 
Teng, 1979). Successful decision making at all levels must depend on quantitative 
estimation of loss, and the level of accuracy of these estimates needs to be tailored to the 
objectives of the particular purpose. 
Disease, defined as an abnonnal interference with plant physiological processes, has been 
recognised as a major contributing factor to crop loss. There are many examples in the 
literature where disease has had a serious effect on crop production. The wheat stem rust 
epidemic of 1953 and 1954 (Browning et al., 1977) and the southern corn leaf blight 
outbreak of 1970 (Tatum, 1971) in the United States of America and the coffee leaf rust 
epidemics in Brazil in 1970 (Roberts and Boothroyd, 1984) are recent reminders of what 
can happen if these constraints to food production develop unchecked. 
An epidemic of rice blast in South Korea in 1978 demonstrated that, despite plant 
protection measures, disease-induced yield reductions can cause serious disruption to the 
economy and social stability of a small nation (MacKenzie and King, 1980). Diseases do 
not usually produce such dramatic effects. Those which concern producers and researchers 
the most are diseases which infect crops regularly and cause smaller but economically 
important yield reductions (Tarr, 1972). 
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The traditional approach to estimation of regional crop loss (James and Teng, 1979; Teng 
and Shane, 1984) is based on the definition of a disease:yield loss relationship from .. ~. 
disease measurement data collected from field experiments, the measurement of disease 
intensity (Teng, 1983) within the region by appropriate survey methods (Main and Proctor, 
1980) and from these, the calculation of regional loss. The cereal surveys of crop loss in 
England and Wales are an example of this approach (King, 1980). Accuracy of crop loss 
estimates derived by this traditional approach is dependent on the validity of the models 
and survey information (Main, 1983). A large number of relationships of disease and loss 
have been derived but most are specific to the pathogen and environment tested and are not 
suitable for accurate estimation of yield loss in other situations. For example, James et al. 
(1972) estimated potato yield losses in Canada using a late blight (Phytophthora infestans 
(Montagne) de Bary) model developed in the United Kingdom (Large, 1952) but found 
that estimated losses were significantly different from actual yield losses observed in field 
experiments. It may not be possible to apply a simple, empirical model to all situations 
(Teng, 1985b). Therefore, there is a need for a number of simple crop loss models which, 
collectively, are suitable for the majority of situations in agriculture. The cost of 
developing these simple models is enormous and may not be justifiable in the future. An 
alternative approach is the development of robust models which are derived from data in 
investigations covering a range of environments and management practices (Gaunt and 
Robertson, 1989). These models are designed for use in crops with a wide range of inputs. 
Models which include physiological growth factors which integrate the response of crop 
yield potential to disease constraints have the best potential for accurate estimates of 
regional crop loss (Rouse, 1988). These physiologically-based models enable 
extrapolation to other environments and crop management practices outside those used in 
the original experiments. 
Disease:yield loss relationships are based currently on the assumption that, on average, 
there is a constant relationship between disease intensity and yield loss which is not 
affected significantly by local or regional variation in management, edaphic and climate 
factors that influence pathogen development and the potential yield of the crop. This 
assumption may be incorrect in the field and therefore is a source of error in estimation. 
Crop yield potential is defined as the amount of grain yield, in the absence of pests, 
obtainable in each field, year and genotype (Rossing, 1991b). The effect of crop yield 
potential on the relationship between disease and yield loss was investigated in this study 
and disease:yield loss models for accurate regional crop loss estimates were developed. 
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1.2 THE IMPORTANCE OF CROP YIELD POTENTIAL 
Regional crop loss estimation by empirical disease:yield loss models is valid only if the 
models were derived from data that encompasses the full range of yield and disease 
intensity present in the region (Teng, 1985b; Gaunt and Robertson, 1989). Many 
investigations have shown that yield potential (Table 1.1) and disease intensity (Sim et al., 
1988; Hughes et al., 1989) vary markedly both locally and regionally, usually in relation to 
one or a few factors. The multiple factor experiments by the Rothamsted researchers 
highlighted the complex interactions which occur between factors influencing yield 
(Widdowson et al., 1982; Prew et al., 1983, 1985). In three seasons maximum yields were 
achieved under different treatment combinations, which reflected the factors that were 
most limiting in those seasons. Church and Austin (1983) also compared the response to 
management treatments in research experiments at two sites in England. Most treatments 
did not increase yield markedly, but four factors (irrigation, aphicides, fungicides and 
autumn pesticides) increased yield by 9 to 16%. The Rothamsted studies also 
demonstrated that the response of yield to disease constraints was markedly different in 
each situation (Widdowson et al., 1982). 
Table 1.1: Site-to-site variation in healthy8 cereal yields measured at local and 
regional levels. 
Level 
Between field yields of variety trials 
and research crops with several 
treatments 
Between fields on the same farm 
Coefficient of Crop 
Variation (cv%) 
16 barley 
16 wheat 
16 barley 
15 wheat 
Between average individual farm yields 20 wheat 
Between individual fields in England 23-25 wheat 
and Wales 
Reference 
Austin (1978) 
Austin (1978) 
Talbot (1984) 
Church and Austin (1983) 
Church and Austin (1983) 
Church and Austin (1983) 
8 crop growing conditions were generally unconstrained by disease but may be 
constrained by other factors (eg. water, nutrients). 
The response of yield to disease in crops with different yield potentials may be studied by 
three main methods; empirical disease:yield loss relationships reported in the literatUre, 
mechanistic crop growth/pathogen models and by experimentation. 
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Few authors have specifically determined the influence of yield potential in yield loss 
studies. King and Polley (1976) reported that regression coefficient (slope) values for the 
relationship of actual yield and per cent leaf rust (Puccinia hordei Otth) severity at growth 
stage 75 (Zadoks et al., 1974) were similar for three barley cultivars sown in three years. 
However, the range of yield potentials tested was small (3.1 to 4.8tDM/ha), disease was 
not severe (maximum of 10 and 20 per cent disease severity on leaf 1 and 2 respectively) 
and disease measurements explained little of the variation in yield in individual crops. 
Daamen (1989) defined a damage function (kg/100m2 per pustule-day of powdery mildew 
(Erysiphe graminis DC. ex Merat f. sp. trind) per leaf from OS 32 to 83) in nine wheat 
crops grown in different years and locations using three cultivars. No indication was 
found that the damage function depended on yield levels between 6 and 7.5tDM/ha. 
Daamen stated that the damage function was suitable only for disease management 
systems at yield and disease levels similar to those in the experiment. 
Information derived from disease:yield loss studies with crops which happen to have 
different yield potential levels, can be used to provide indirect evidence for the influence of 
yield potential on disease:yield loss relationships. For example, data from Leath and 
Bowen (1989) indicated that loss of yield (kglha), caused by powdery mildew, was the 
same in two wheat crops with healthy yield potentials of 5 and 5.8tDM/ha. In comparison, 
Lipps and Madden (1989) found that greater losses of yield (kglha) were present in low 
compared with high yielding wheat crops. In this example, yield was correlated with per 
cent mildew severity at OS 55, whereas yield potential did not consistently affect per cent 
yield loss when disease severity was summarised as the area under disease progress curve. 
The above examples all have problems with the data which limit interpretation for the 
objectives of this study. The problems include a small range in yield potential levels, low 
disease severity and measurements of disease explained little of the variation in yield. The 
response of yield to disease constraints in crops with different yield potentials could not be 
determined from these data. 
An alternative approach is to estimate yield using mechanistic models of crop production, 
including the effect of constraints (Johnson, 1987; Daamen and Jorritsma, 1990a,b). These 
models describe crop growth and partitioning of photosynthetic assimilates based on 
environmental inputs such as solar radiation, temperature, water and nitrogen availability 
(Johnson and Teng, 1990). Yield loss is the result of complex interactions between disease 
development and the growth and development of plants. The response of single plants, 
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and therefore the crop, to the presence of disease is dependent on plant factors which 
detennine plant sensitivity, as well as the timing, severity and duration ofdisease(Liril and 
Gaunt, 1986b; Thomson and Gaunt, 1986). A mechanistic model of plant growth, based 
on an understanding of host metabolism and partitioning of resources, provides a medium 
for definition of these factors (Rouse, 1988). The response of yield to disease constraints 
in crops with a range of yield potentials can be defined using mechanistic models in two 
steps. First, growth and development of crops with different yield potentials, in the 
absence of disease, are simulated from different sets of environmental and management 
data. Second, data of disease intensity at different levels are introduced into the model 
which then constrains the growth and development of each crop. The yield response of 
each crop can be examined by comparing the output yields at a given amount of disease 
intensity. Rossing (199Ia,b) used a mechanistic model to explain the consequences of 
aphid (Sitobion avenas Fabricius) infestations for grain yield in winter wheat crops with a 
range of yield potentials of 5 to 10t/ha. Rossing (1991 b) found that damage (kg/ha) caused 
by aphids increased linearly up to a yield potential level of 9t/ha. Similar mechanistic 
approaches have been used to analyse damage caused by diseases (eg. powdery mildew in 
winter wheat (Daamen and Jorritsma, 1990a,b» and by weeds (eg. barnyard grass 
(Echinochloa crus-galli (L.) Beauv.) in maize (Spitters, 1989». 
Process-level models (eg. Marshall and Biscoe, 1980) based on plant processes such as 
photosynthesis, respiration and water and nitrogen utilization, have had little success in the 
estimation of yield over a wide range of environments, although they have been extremely 
useful in investigations of yield limitations~ Crop-level models (eg. Loomis and Adams, 
1980; Weir et al., 1984) estimate yield more successfully, but they include a considerable 
degree of empiricism within a mechanistic framework. There are several cereal crop 
growth models which have coupling points suitable for linking to disease models (eg. 
ARFC WHEAT, Weir et al., 1984; CERES-Wheat, Otter-Nacke et al., 1986). However, 
most models lack a sufficiently detailed canopy submodel to estimate establishment and 
survival of foliar pathogens within the canopy (Rickman and Klepper, 1991). No 
comprehensive mechanistic model for foliar disease in cereals was available at the time of 
this study, therefore, further field experimentation is warranted. 
Direct evidence for the yield response of different yield potential crops to disease 
constraints can be obtained from data derived by experimentation. Experiments can be 
established in many locations over a range of crop production situations (James and Teng, 
1979). Experimentation in many locations imposes constraints on available resources. 
Comparisons of yield losses in experiments established in locations with variable 
environmental conditions may be limited because the disease spectrum (Mathre, 1982; Sim 
et al., 1988) and the spatial and temporal development of epidemics (Teng and Johnson, 
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1988; Nagarajan and Singh, 1990; Subba Rao et al., 1990) may be different. Alternatively, 
experiments can be established in one or two locations with carefully selected treatments 
which produce the full range of yields expected in the region. Experimentation in many 
locations was not possible in this study because of limited resources. Crops were therefore 
grown in one location and yield potential was manipulated by choice of management 
inputs and sowing date. 
In disease:yield loss experiments, a wide range of epidemics is needed to determine the 
response between yield and disease intensity (Madden, 1983; Teng and Oshima, 1983; 
Shane and Teng, 1987). In replicated experiments there is often a compromise between 
the number of replicates and number of disease epidemics because of limited resources 
(Teng and Oshima, 1983). This leads to a loss of information on the disease:yield loss 
response. Both Shane and Teng (1987) and Shaw and Royle (1987) have suggested that 
non-replicated experiments have potential for modelling yield responses to increasing 
disease intensity because the number of disease epidemics is maximised. A non-replicated 
experimental design was used in this study to investigate the response of yield to disease in 
crops with different yield potentials. 
The response of crop yield to disease is influenced by the stage of growth at which the 
crop is affected by the epidemic (Lim and Gaunt, 1986a,b). The effect of variable 
epidemic timing on crop growth and yield development can be minimised by producing 
epidemics which begin and finish at similar times (eg. Teng, 1978). These epidemics are 
the only type suitable for the study of yield loss caused by disease in crops with different 
yield potentials. 
The response of yield to disease constraints, at a range of potential yield levels, may be 
affected by the choice of yield loss units, measurement method of disease or the type of 
empirical model which relates yield to disease. These issues are discussed in the following 
section. 
1.3 EMPIRICAL DISEASE:YIELD LOSS MODELS 
The data generated from disease:yield loss experiments are difficult to interpret and use, 
unless they can be synthesised into a quantitative relationship, commonly a model (Teng 
and Shane, 1984; Shane and Teng, 1987). The majority of empirical models have been 
developed by least-squares regression analysis based on minimal variance between the 
model and data (Madden, 1983; Cornell and Berger, 1987). Regression analysis is a very 
powerful tool in situations where a dependent variable (eg. yield or yield loss) varies with 
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an independent variable or variables (eg. disease intensity) in a systematic way, and the 
dispersion of observations around the line follows a statistical relationship (Neter et at., 
1985). Regression models are statistically valid if the inherent assumptions have been 
satisfied (Teng and Oshima, 1983). Two important assumptions in disease:yield loss 
methodology are homoscedasticity and the absence of autocorrelation in the independent 
value (Teng and Gaunt, 1980; Madden, 1983). Homoscedasticity occurs when the 
variance about the mean is constant throughout the range of data values. Butt and Royle 
(1990) suggested that small deviations from homoscedasticity can be ignored. 
Autocorrelation is present when successive observations of a single variable are not 
independent (Koutsoyiannis, 1977). Biological autocorrelation occurs when the amount of 
disease on any day is partly dependent on the amount of disease on the previous day. 
Biological autocorrelation for disease is reduced by increasing the time interval between 
assessments (James and Teng, 1979). 
Regression models are commonly evaluated using some or all of five statistical criteria; the 
coefficient of determination (R2), the standard error of the estimate of the dependent 
variable (s), correlation coefficient (r) and the F and t statistics (James and Teng, 1979; 
Teng and Gaunt, 1980). The significance of the relationship between dependent and 
independent variables at a defined probability level is evaluated with the F statistic 
(Snedecor and Cochran, 1980). The R2 provides an estimate of the proportion of total 
variance in the independent variable that is explained by the dependent variable (Snedecor 
and Cochran, 1980). Models with R2 values of 0.60 are acceptable for the objectives of 
most crop loss studies, whereas values above 0.80 are excellent (Madden, 1983). With 
linear models, R2 must increase or remain constant as additional observations are added to 
a model, even if the additional observations are not significant (Cornell and Berger, 1987; 
Teng and Johnson, 1988). In·comparison, the coefficient of determination adjusted for 
degrees of freedom (R2 adj) will decrease if non-significant observations are added to a 
model (Neter et al., 1985). The R2 adj is an excellent criterion for comparing linear models 
with a different number of observations (Madden, 1983) but has been used by few crop 
loss researchers (Fried et al., 1981; Spadafora et al., 1987; Brown, 1988). James and Teng 
(1979) considered the R2 statistic the most important statistic for judging field applicability 
of a model and Teng (1985b) stated that models should be evaluated with at least two 
statistics. The R2 adj and F statistic were used to evaluate individual models in this study. 
Disease:yield loss models should be visually compared or validated with independent data 
not used in their development (Madden, 1983) to test the agreement between model 
behaviour and that of the real situation (Teng, 1981). Validation of models with data from 
experiments where the yields were different from those in the original experimentation, is 
particularly important when deriving general models for survey purposes. Few 
disease:yield loss models have been validated with data not used in model development 
(eg. James et al., 1972; Fried et al., 1981; Madden et al., 1981; Shtienberg et al., 1990). 
1.3.1 Choice of Yield Loss Units 
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Regional crop loss assessment determines the portion of the difference between potential 
and actual yield (the yield obtained under current crop management practices; Zadoks and 
Schein, 1979) which is due to specific factors such as disease, insects and weeds. Regional 
crop loss can be estimated by two methods (Walker, 1983). The first method involves 
definition of potential yield for the region and then estimation of the potential for loss in 
each field by a reliable disease:yield loss model. The second method involves 
measurement of the harvested yield for each crop and then estimation of the amount of 
yield which has been lost to constraints. The definition of the potential yield is difficult 
because the yield data available are often obtained in the presence of disease and other 
production constraints (Teng, 1985b). If reliable estimates of yield for individual fields are 
available for a region, then actual loss per field may be calculated from the potential yield 
for the field and from these the average actual loss for the region (Teng, 1985b). However, 
few crop surveys measure yield in each field because of the logistical problems of 
coordinating collection of such data. Data for yield can be obtained directly from growers 
after harvest, although the accuracy of the data requires checking. For example, Wiese 
(1980) found a correlation of only 0.61 between growers estimates of pea yield and 
research yield samples from the same fields. New methods are required for accurate 
estimates of field yields, which may lead to an improvement in the estimation of actual 
losses in regions. 
Reduction in yield caused by a constraint is commonly expressed as a proportion of yield 
in the absence of disease, although some models express the loss in actual (eg. t/ha) units 
(MacKenzie and King, 1980). Expression of yield loss as a proportion may affect the 
relationship between crop yield potential and yield loss. Reddy et al. (1979) found 
contradictory interpretations of the effect of crop yield potential on yield loss in rice 
infected with bacterial leaf blight (Xanthomonas oryzae (Uyeda and Ishiyama) Dowson). 
Crop yield potential had a significant affect on yield loss when loss was expressed as a 
proportion but no affect when expressed as actual units. Other researchers have criticised 
the use of proportional units in disease:yield loss models for multi-environment situations 
(MacKenzie and King, 1980; Rotem et al., 1983a; Teng and Oshima, 1983; Pace and 
MacKenzie, 1987; Rouse, 1988). Expression of yield loss in proportional units may not be 
suitable for estimating loss in situations where the range in yield potential is large. 
10 
1.3.2 Measurement Methods of Disease 
Disease and pathogen measurements are fundamental to crop loss studies as a basis of 
disease:yield loss relationships (Gaunt, 1987b). Berger (1980) outlined several 
requirements of disease measurement methods. They should be easy to use, allow rapid 
estimation of disease, be applicable over a wide range of situations, and be accurate and 
reproducible. The choice of measurement method used is related to the objectives and to 
the type of disease causing organisms to be measured. Measurements of disease and 
pathogens have been extensively reviewed by James (1974), James and Teng (1979), 
Berger (1980), Teng and Shane (1984), Gaunt (1987b) and Kranz (1988). Measurement 
methods used in disease:yield loss studies are discussed in the following sections. 
1.3.2.1 Pathogen and Disease Measurements 
Pathogen measurement is based on characters relating to the pathogen (ie. signs or 
propagules), whereas disease measurement is based on disease symptoms. Pathogen 
measurement methods, which include propagule and lesion counting, dry weight 
detennination following spore collection or chemical analysis of pathogen compounds, 
were reviewed by Gaunt (1987b). Pathogen numbers have been shown in most cases to be 
poorly correlated with disease severity (defined as the proportion of total plant tissue area 
affected by disease; Teng and Shane, 1984) and are generally not suitable for empirical 
modelling of disease:yield loss relationships. Pathogen-based methods take account of 
neither the potential of the pathogen to cause disease nor the reaction of the host plant to 
successful infection (Gaunt, 1987b). For these reasons, disease severity measurements 
have received more attention in studies of yield loss but the techniques available are 
subjective and prone to error. 
Disease incidence (defined as the proportion of plant units infected; Berger, 1980) 
measurements can be used to estimate crop loss on a regional basis, providing that a 
reliable model is available which relates incidence to yield loss. The model may be very 
simple for some diseases, such as smuts, where one infected ear represents a total loss to 
production. For most diseases however, disease incidence is not sufficient for model 
development because there is a quantitative relationship between disease severity and yield 
loss (Gaunt, 1987b). For these diseases, one of many methods of estimating disease 
severity is more appropriate. 
Disease severity measurements may be direct or indirect and include descriptive terms and 
keys, standard area diagrams, disease incidence-severity relationships and remote sensing 
techniques. Most methods rely on the observable difference between healthy and infected 
11 
tissues, quantified with varying degrees of accuracy and precision. Descriptive tenns and 
keys and disease incidence-severity methods have been reviewed by James and Teng 
(1979), Seem (1984) and Kranz (1988). Standard area diagrams, which are used as a guide 
to visual estimates of the area of plant parts occupied by disease, are the most commonly 
used method for estimation of disease severity (feng and Oshima, 1983). Mean per cent 
disease severity is often calculated by dividing the sum of per cent disease severity (%DS) 
for each leaf by the number of green leaves on the main stem. The calculation of an 
arithmetic mean takes no account of either the variation in leaf size from the oldest to the 
youngest leaf, or the lack of unifonn distribution of disease on those leaves. Calculation of 
%DS as a weighted mean includes the effect of both factors (Lim and Gaunt, 1981). 
Estimation of %DS also ignores the effect of disease on the size of new leaves, especially 
when disease is present early in the season (Lim and Gaunt, 1981). Measurements of %DS 
were not designed to account for the potential yield of the plant (Rotem et al., 1983a). 
With the same %DS, a high yield potential plant with a large amount of green leaf will 
yield more than a low yield potential plant with a small amount of green leaf (Hau et al., 
1980; Rotem et al., 1983a,b). Models based on %DS may not be appropriate for the 
development of accurate estimates of regional crop loss. 
Visual estimates of severity with the aid of standard area diagrams have been assumed to 
be accurate and precise (Horsfall and Cowling, 1978), however this is often incorrect 
(Forbes and Jeger, 1987). The accuracy and precision of severity estimates can be affected 
by effects of assessor, plant structure and type, and size and intensity of lesions(s) 
(Sherwood et al., 1983; Forbes and Jeger, 1987; Hau et al., 1989; Beresford and Royle, 
1991). Variation in estimation error is often not related to these factors in a systematic 
way, preventing the use of correlation factors to remove error. A lack of accuracy may not 
be of concern to experimenters in some situations (eg. if the objective is to compare 
treatments within the experiment, not with data collected in other experiments) but a lack 
of precision is usually a source of concern. 
1.3.2.2 Host-based Measurements of Disease 
It is logical to explain yield losses in terms of a host production character which is affected 
by the presence of the pathogen (Teng and Gaunt, 1980; Rouse, 1983, 1988). The 
measurement of disease as the amount of leaf area which was green (GLA) has been used 
to measure the effect of disease in a physiologically meaningful manner (Rea and Scott, 
1973; Carver and Griffiths, 1981; Deadman and Cooke, 1987). Green leaf area 
measurements account for both the direct and indirect effects of disease constraints on 
plant size and give an indication of the potential yield of the plant as influenced by 
management and environmental factors (Rotem et al., 1983a,b). Lim and Gaunt (1986a) 
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compared %DS and GLA measurements for powdery mildew on barley, and found that the 
latter provided a better description of the total effect of mildew on crop growth. Per cent 
disease severity and GLA measurements both described the direct effects of lesions and 
associated chlorosis in an early mildew epidemic. However, at a later growth stage when 
disease was no longer present, GLA measurements described the indirect effects of the 
early epidemics, including that on leaf size, better than per cent disease severity. Green 
leaf area has also been shown to describe the effects of disease on crop growth and yield 
better than %DS measurements in potatoes infected with late blight (Rotem et al., 1983b), 
barley infected with powdery mildew (Jenkyn, 1976; Carver and Griffiths, 1981) and 
wheat infected with speckled leaf blotch (MycosphaereUa graminicola (Fuckel) 
Schroeter), Gaunt et al., 1986). Models based on GLA may be more suitable than %DS 
measurements for the accurate estimation of regional crop loss. 
Models based on green leaf area may not always estimate accurately the effects of disease 
on yield or yield loss in different cultivars (Griffiths, 1984) or environments where other 
factors, in addition to GLAI, have a major effect on crop growth (Waggoner and Berger, 
1987). The production of biomass is largely dependent on the amount of radiant energy 
intercepted by photosynthetically active plant tissue (Gallagher and Biscoe, 1978b), 
although water often restricts production in dry climates (Cornish, 1950; Seif and 
Pederson,1978). Measurements of the interception of radiation by the green tissue may 
improve the accuracy of yield or yield loss estimates in infected crops with a range of yield 
potentials. The measurement of GLA as a proportion (ie. per cent GLA) has been used in 
some disease:yield loss studies (Jenkins et al., 1972; Griffiths, 1984; Wright, 1987) but per 
cent GLA does not account for leaf or plant size (Lim, 1982). Per cent GLA is suitable for 
estimating the effects of disease on leaf senescence (Green and Ivins, 1984). Green leaf 
area and %DS measurements, based on standard area diagrams, are considered to be too 
subjective, time-consuming and labour intensive for some purposes (Teng and Shane, 
1984). Reflectance (Nutter et al., 1990) and image analysis systems (Gaunt, 1987b) may 
provide some solution to the problems with visual assessment methods for routine 
measurement of the effects of disease on crop growth and yield. 
1.3.2.3 Remote Sensing 
The lack of objective and rapid disease measurements has lead to the development of 
remote sensing techniques ego near-infrared reflectance (NIR) (James and Teng, 1979). 
Remote sensing is the detection of electromagnetic radiation from an object without 
physical contact with the object (Campbell and Madden, 1990). The proportion of 
radiation reflected from the object can be detected by sensors in spectral radiometers, 
microdensiometers in image analysis instruments or by photographic equipment, on the 
13 
ground, from an aircraft or from a satellite (Jackson, 1986). Remote sensing 
instrumentation and techniques for plant stress detection have been reviewed by Toler et 
al. (1981), Curran (1985) and Jackson (1986). Reflected radiation can be detected in 
narrow (eg. 787-811nm, Nutter, 1989) or wide wavebands (eg. 800-1100nm, Thomas et 
al., 1987) depending on the objective of the study. The use of narrow wavebands is more 
sensitive to differences in crop characteristics than wide wavebands because the signal 
response at other bands may weaken the relationship (Tucker and Maxwell, 1976; Ahlrichs 
and Bauer, 1983; Baret et al., 1987). 
Healthy crop canopies absorb and reflect different amounts of incident radiation, 
depending on the wavelength (Cracknell and Hayes, 1991). Healthy plants have different 
absorbance and reflectance characteristics than diseased plants. The difference between 
healthy and diseased plants can be measured quantitatively by examining the reflectance 
characteristics of the crop canopy (Jackson, 1986) and has been used to estimate the effects 
of disease on crop production (Pederson and Gudmestad, 1977; Petersen, 1989; Nutter et 
al., 1990). For example, Nutter (1989) reported significant correlations between 
reflectance at the NIR reflectance waveband of 800± 11.3nm and disease severity and 
estimated losses in peanut fields infected with foliar pathogens. Canopy NIR reflectance is 
proportional to green leaf area of healthy crops (Daughtry et al., 1980; Ahlrichs and Bauer, 
1983) and may indicate potential yield. Reflectance of NIR has been used for 
measurement of the amount of green leaf area in crops infected with foliar pathogens and 
for estimation of yield loss. For example, Nutter and Cunfer (1988) found that reflectance 
(800nm) was proportional to GLA of barley crops infected with Rhynchosporium secalis 
(Oudemans) J.J. Davis. Reflectance was used by these authors to explain-a large 
proportion of variation in grain yield. This study investigated whether NIR reflectance 
could be used as an alternative to direct measurement of GLAI in disease:yield loss 
studies. 
Image analysis is a remote sensing tool which analyses data contained in an image or 
object and extracts information about the object it represents (Crackn'ell and Hayes, 1991). 
Image analysis has been used for a variety of purposes, including large scale analysis of 
river flows, land use and vegetation analysis and geologic formation but has only recently 
been adapted for routine analysis of disease severity (Price and Osborne, 1990). Shane and 
Lowney (1987) used an image analysis system which assessed disease severity rapidly and 
accurately on turfgrass. Colour-based image analysis is a recent development and allows 
for the measurement of biotrophic diseases where the visual impact on leaves is less than 
for necrotic diseases. Further development of image analysis in disease studies is required 
to improve the throughput of large sample numbers and to increase the discrimination 
between healthy and diseased tissue. 
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1.3.3 Model Types 
Three types of models used commonly in· disease:yield loss studies are the single point 
model, multiple point model and area under curve model (James and Teng, 1979). In 
single point models, loss is estimated from a measurement of disease intensity at a single 
stage of crop development. For example, Khan (1989) estimated yield loss due to spot 
type net blotch (Pyrenophora teres Drechsler) in barley from %DS at growth stage 75. 
Single point models have been developed for many crops and diseases (eg . late blight of 
potato, Large and Doling, 1962; leaf rust of barley, Lim and Gaunt, 1986a; powdery 
mildew of wheat, Lipps and Madden, 1989). Some researchers have considered that there 
is a phase in the development of a crop when it is particularly sensitive to disease, ie. a 
critical point (James, 1974). Critical phases may exist in some crops constrained by 
disease, but single measurements of disease (particularly %DS) do not necessarily coincide 
with these phases (eg. Lim and Gaunt, 1986a; Gaunt et al., 1986; Yang and Zeng, 1989). 
Multiple point models estimate yield or yield loss from two or more disease measurements 
during the epidemic. They are usually more precise than single point models in crops with 
similar potential yields (Madden, 1983; Loomis and Adams, 1983). For example, Burleigh 
et al. (1972) and James et al. (1972) found that the inclusion of disease measurements at 
more than one growth stage significantly improved the R2 values of models for estimating 
yield loss caused by potato late blight and wheat leaf rust (Puccinia recondita f. sp. tritici) 
respectively. In barley, Teng et al. (1979) found that severity values from two leaves at 
three growth stages explained more variation of loss (R 2=0.95) than when a single severity 
value was used (R2=0.76). More time and resources are required for the collection of data 
for multiple point compared with single point models (Loomis and Adams, 1983). 
Multiple point models with four or more disease variables (eg. James et al., 1972; Teng et 
al., 1979) may not be statistically valid because of biological autocorrelation of the 
variables (Koutsoyiannis, 1977). Derivation of multiple point models with a large number 
of variables should be avoided in disease:yield loss studies. 
Area under curve (AUC) models estimate yield loss from disease variables which have 
been integrated over a defined period of crop growth. A common input variable is the area 
under the disease progress curve (AUDPC) derived from measurements of %DS (eg. 
Brown, 1988; Khan, 1989). Area under curve models are more suitable for estimation of 
loss than single point models, because they can distinguish between two epidemics each of 
which has a different area under curve value but which have the same disease intensity at a 
specific growth stage (James, 1974). James et al. (1972) found that an AUDPC model 
could not distinguish between early light infections and late severe infections of potato late 
blight that had the same AUDPC, but where the yield loss for the early epidemic was much 
greater than that for the late epidemic. Area under curve models derived from 
. -
measurements of host variables may overcome the problem of per cent disease intensity 
measurements not accounting for the response of crop growth to the presence of the 
pathogen. 
1.4 HYPOTHESIS 
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The hypothesis tested in this thesis was that the yield potential of the crop influences the 
loss of yield caused by disease constraints. This hypothesis was tested by comparing the 
regression coefficient values of empirical yield and yield loss models derived by regression 
analysis in crops with a range of yield potentials. This hypothesis was investigated in the 
leaf rust (Puccinia hordei Otth)!barley (Hordeum vulgare L.) system. Leaf rust is a 
commonly occurring disease of barley in Canterbury, New Zealand (Arnst, 1979; Gaunt, 
1983) and can cause large reductions in yield (Arnst, 1976; Teng, 1978; Na Lampang, 
1987). Barley is a major crop in Canterbury (Anon., 1990). The response of yield to 
disease constraints was studied in one cultivar to avoid variability in yield response which 
may occur between different cultivars (Spadafora et al., 1987). 
1.5 OBJECTIVES 
Investigation of the effect of crop yield potential on disease:yield loss relationships 
requires experiments with many yield potential crops and disease epidemics with different 
severities. The limitations of standard replicated experimental designs for the study of 
yield loss in many crops is discussed in Chapter 2. A non-replicated design with a large 
number of treatments is described. With this design the effect of yield potential on the 
relationships between disease and yield and yield loss was investigated by regression 
analysis. 
Experimental designs with no replication are not widely used in disease:yield loss studies. 
In Chapter 3 the effect of leaf rust on the growth, yield and yield components of seven 
barley crops was compared with examples based on replicated designs from the literature. 
The effect of choice of yield loss units, methods of disease measurement and model type 
on the regression coefficient values of disease:yield models in seven yield potential crops 
is discussed in Chapter 4. The model most suited to accurate yield loss estimates in 
different yield potential crops was validated with data from a second year of 
experimentation. This model was chosen to address the thesis hypothesis and was 
compared with data from independent studies. 
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Disease and host-based measurements are often time-consuming and labour intensive and 
may not be suitable for some purposes. Canopy reflectance of near-infrared radiation was 
examined in Chapter 5 for the estimation of yield in diseased crops. 
Accurate disease:yield loss models for regional crop loss estimation may be derived when 
other factors which influence crop yield potential are considered. In Chapter 6, the 
relationship between yield and interception of photosynthetically active radiation by green 
leaves was investigated in barley crops infected with leaf rust. The thesis hypothesis was 
re-examined with these data. 
In Chapter 7, the thesis is summarized and implications of the thesis findings are 
discussed. Recommendations for future studies are included. 
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CHAPTER 2 
EXPERIMENTAL METHODS AND DESIGN 
2.1 INTRODUCTION 
Study of the effects of disease on crop yield requires a database of different disease 
intensities and corresponding crop yields (Shane and Teng, 1987). Most databases have 
been derived from replicated experiments, designed for statistical techniques such as 
analysis of variance (ANOV A) which identify differences between treatments at defined 
probability levels (James and Teng, 1979) .. Replication in ANOVA enables the estimation 
of random variation amongst experimental units receiving the same treatment. 
Experimental error is the primary basis for deciding whether a difference between 
treatments is real. A compromise on the ideal number of treatments is often made, because 
of limited resources, and the need for adequate replication, usually at least four replicates, 
for ANOV A analysis. The main objective of this yield loss experiment was to test whether 
there was a significant relationship between disease intensity and yield or yield loss, rather 
than to prove that one disease intensity caused a significantly different loss than another 
disease intensity. Teng (1985b) suggested it is important to have many different disease 
intensities when estimating yield responses. This is particularly important if the 
relationship is analysed by regression because of the requirement for sufficient data points. 
An experimental approach with a large number of disease intensities with little or no 
replication may be a useful method for investigating disease:yield loss relationships by 
regression analysis (Teng and Oshima, 1983; Teng, 1985b; Shane and Teng, 1987; Shaw 
and Royle, 1987; Thomas et al., 1989). 
The number of disease severity treatments in the experiments reported in this thesis was 
high, but there was no replication. The validity of nil replication is discussed in relation to 
the objectives of this thesis. 
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2.2 MATERIALS AND METHODS 
2.2.1 Design and Treatments 
The yield potential of spring barley (cv. Triumph) crops was manipulated by choice of 
sowing date, water and nitrogen inputs (Table 2.1). Barley was sown in Wakanui silt loam 
(Kear et al., 1967) on the Lincoln University Research Fanns, Canterbury, in 1987 and 
1988. Fields were chosen with low levels of initial and mineralisable nitrogen in the soil 
(Table 2.1) to ensure a yield response to fertiliser nitrogen. Both fields received 250kg/ha 
superphosphate (9% P, 12% S) before sowing. Other nutrients were at levels adequate for 
unconstrained crop growth (Appendix I). In 1987, four crops were sown (173kg seed/ha) 
in a single field, two on 17 September, and two on 3 December. The later sowing ensured 
lower yield potentials and conditions were conducive for leaf rust infection. At each 
sowing date, one crop received high and one received low inputs of water and nitrogen 
(Table 2.1). In 1988,3 crops were sown (153kg seed/ha) in a single field on 20 
September. Different yield potentials were achieved by varying water and nitrogen inputs. 
Details of management for each crop are given in Table 2.1. 
The crops were planted using an Austrian 0yjord plot drill in adjacent areas 5 to 20m apart 
(Appendix ll). A 5 to 60m border of unsprayed barley (cv. Triumph) was sown around the 
whole experimental area 4 to 5 weeks before crop emergence to provide an inoculum 
source. Crops were arranged randomly in 1987 but not in 1988 to facilitate irrigation of 
two of the three crops. Each crop was subdivided into 10 plots (21 x 10m) in 1987 and 8 
plots (15 x 10m) in 1988 (Appendix 11). Treatments within each crop were randomised, 
except for two treatments in 1987 and one treatment in 1988 (Appendix II). These selected 
treatments, and extra plots as replicates, were used to estimate the variation in grain yield 
for each crop in 1987 and in the experimental area in 1988 (Appendix ll). Plots were large 
to accommodate the large number of plant measurements to avoid sampling from the 
periphery because of interplot interference effects (Aust and Kranz, 1988). 
The cultivar Triumph was chosen because of its high susceptiblity to leaf rust (Anon., 
1988). Leaf rust developed from natural inoculum in each experiment. Plots were treated 
with benodanil (Calirus, 1500g a.i./ha), triadimefon (125g a.i./ha) plus carbendazin (250g 
a.i./ha; Bayleton BM) and triadimenol (Cereous, 125g a.i./ha) at different times, 
frequencies and rates to reduce the natural epidemic (Figure 2.1a to c). Fungicides were 
applied to curtail (Figure 2.1 a and c) or delay (Figure 2.1 b) natural leaf rust epidemics in 
the September sown crops in 1987 and 1988 and December sown crops in 1987 
respectively. The objective of the fungicide programmes was to produce epidemics which 
began and finished at similar growth stages but with severities which were evenly 
Table 2.1: Experimental details lor 1987/88 and 1988189 field experiments. 
1987/88 
Previous Crop Ryegrass 
Soil Nitrogen 
ijJ.gN/g) 
initial· 14 
mineralisableb 26 
Sowing Date 17 Sept 3 Dec 
Level of high low high 
Management Input (Crop l)e (Crop 2) (Crop 3) 
Plant/m2 ± SO 36Ot14.5 365±1O.4 344±27.2 
atGSe: 11/12 
Water Inputs (mm) 
irrigation 
GS 12/13 38 0 0 
GS 30/31 11 0 28 
GS45 26 0 0 
GS67nl 28 0 82 
GS89 27 0 0 
rainfall 213 213 119 
Nitrogen Inputs 
(kgN/ha)d 
sowing 30 30 34 
GS 30/31 76 38 86 
GS 45/52 67 34 69 
Harvest Date (GS92) 25 Jan 25 Jan 17 Mar 
• Measured by the method of Keeney and Nelson (1982) 
b Measured by the method of Quin el al. (1982) 
e: Decimal growth stage (Zadoks el al., 1974) 
d Nitrogen applied as calcium ammonium nitrate (27%N) 
low 
(Crop 4) 
342±20.7 
0 
0 
0 
0 
0 
119 
0 
43 
35 
17 Mar 
e Crops were numbered 1 to 7 and are referred to by this number in the thesis. 
high 
(Crop 5) 
31Ot16.3 
43 
49 
44 
43 
0 
88 
30 
60 
30 
16 Jan 
19 
1988189 
Wheat 
33 
14 
20 Sept 
medium low 
(Crop 6) (Crop 7) 
317±15.0 327±15.6 
22 0 
28 0 
25 0 
21 0 
0 0 
76 67 
30 0 
30 0 
0 0 
12 Jan 4 Jan 
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Growth Stage 30 31 32 33 42 84 70 74 86 88 
• Prochloraz (450g a.lfha) 
o Benodanil (lSOOg a.lfha) 
o Triadimenol (125g a.ilha) 
• Triadimefon (12Sg a.llha) 
1!! 1/3 of recommended rate of Benodanil, Triadimenol and Trladimefon. 
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Figure 2.1: Fungicide spray programme for A) high and low input, early crops sown on 17 September 1987; B) high 
and low Input, late crops sown on 3 December 1987; C) high, medium and low Input crops sown on 20 September 1988. 
a 
b 
In the 1987/88 experiment, the prophylactically sprayed and unsprayed treatments were treatments 10 and 1 
respectively. 
In the 1988/89 experiment, the prophylactically sprayed and unsprayed treatments were treatments 8 and 1 
respectively. 
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distributed between the two extreme epidemics. Prochloraz (Sportak 45 EC, 450g a.i./ha) 
was applied to control net blotch (Pyrenophora teres Drechsler) and scald' 
(Rhynchosporium secalis (Oudemans) J.J. Davis) (Figure 2.1). Fungicides were applied by 
a tractor mounted boom with hollow cone nozzles (D4-45) operating at 300 kPA pressure 
and applying 3001 water/ha. The tractor travelled in the buffer area parallel to the plots. 
2.2.2 Plant Measurements 
Areas within each plot were allocated for plant and reflectance measurements in 1987/88 
(Appendix III). In 1988/89, plants were sampled from areas similar to those in 1987/88, 
but canopy radiation interception and reflectance measurements were sampled randomly. 
Measurements were not sampled from areas less than 2.3m from the edge of each plot, or 
from a 1m strip in the centre of each plot (Appendix III). 
Oreen leaf area (OLA) was measured on eight plants sampled randomly within a strip 3.5 
to 4.5m from the edge of each plot (Appendix III) every 7 to 10 days during crop growth. 
Per cent non-green leaf area was estimated on all green leaves for all tillers on each plant 
using standard area diagrams (Anon., 1976) as a visual guide to the area occupied by 
pustules, disease-induced chlorosis and natural senescence. Leaf area was measured with a 
leaf area meter (L1-31oo Area Meter Li-Cor Inc., Lincoln, Nebraska) and total green leaf 
area per plant was calculated as: 
n 
TGLA = tAo (tOO-NOLA.) 1 I ... 2.1 
i 100 
where TOLA = total green leaf area per plant (m2) 
Ai = area of individual leaf 
NOLAi = per cent non-green leaf area for an 
individual leaf 
n = youngest green leaf on the plant 
= oldest green leaf on the plant. 
In 1987/88, leaf area (Ai) for green leaves with shrivelled tips was estimated as the 
maximum leaf size recorded before senecence. Tota11eaf area for the shrivelled and green 
leaves was summed to give total leaf area per plant (TLA). Measurement time of TOLA in 
1988/89 was reduced by summing the total area of all leaves at each sampling date, 
regardless of their potential size. Per cent of tota11eaf area per plant which was green 
(%OLA) was calculated as the proportion of TGLA relative to TLA. In 1987/88, %OLA 
22 
was calculated from 8 plants sampled from the areas designated for measurement of 
canopy radiation interception (Appendix III). In 1988/89, %GLA was calculated from the 
8 plants sampled randomly for GLA measurement. Gompertz and logarithmic curves were 
fitted to %GLA data using the Maximum Likelihood Programme (Ross, 1987). Lines 
were fitted by eye when the Gompertz and logarithmic relationships were a poor fit to the 
data. Green area of the ears and stems on each plant in 1988/89 was estimated with the 
leaf area meter by measuring the plane area of the ears and stems and subtracting the 
chlorotic and necrotic area. Total green area per plant (TGA) was calculated by summing 
the green areas of the leaves, stems and ears. Plant population in each plot was measured 
by counting the seedlings in 15 separate O.lm2 quadrats at GS 11/12 (Zadoks et al., 1974). 
TGLA and TGA were multiplied by the plant population to give green leaf area index 
(m2/m2; GLAI)B and green area index (m2/m2; GAl) respectively. 
Mean per cent diseased area for the top three leaves of the mainstem was estimated on the 
eight plants used for GLA measurements at each sampling date in 1987/88. Mean per cent 
disease severity was calculated as: 
n n 
%DS = (1: NGLAH) - (1: NGLAo) ... 2.2 
i i 
3 3 
where %DS = mean per cent diseased area for top 3 
leaves of main stem 
%NGLAH = per cent non-green leaf area of highest 
yielding treatment 
%NGLAo = per cent non-green leaf area for each 
treatment 
n = second leaf below ith leaf 
= youngest emerging leaf 
and was an estimate of the pustule area, associated chlorotic area and disease-induced 
B The units for GLAI (m2/m2) are included in this thesis to avoid confusion between 
, 
green leaf area duration (section 3.2) which has units of days and area under the green 
leaf area index curve (AUGLAIC; Figures 4.5ab~ 4.7 and 4.8) which has units of 
m2/m2.days. 
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senescence. Standard error of means were not presented for disease severity because %DS 
was calculated as a single value from Equation 2.2 for each plot. 
i (400-700nm) 
RadiationLintercepted by the crop canopy was measured with tube solarimeters (Delta 
TSM, Delta-T Devices Ltd., Cambridge, United Kingdom) up to nine times during crop 
growth in 1987/88 (one reading per plot) and four times in 1988/89 (three readings per 
plot). Simultaneous readings of radiation were taken in a horizontal plane above and 
below the crop canopy from which the fraction of radiation intercepted was calculated. All 
readings were taken within two hours of solar noon to minimise the influence of sun 
height. Oompertz and logarithmic curves were fitted to radiation interception data using 
the Maximum Likelihood Programme (Ross, 1987). Lines were fitted by eye when the 
Oompertz and logarithmic relationships were a poor fit to the data. Standard error of 
means were not calculated for radiation interception because resource constraints limited 
the number of replicated measurements. 
The maximum number of tillers and final number of grain-bearing ears per plant were 
determined on the eight plants used for OLA measurements, at each sampling date in 
1987/88 and 1988/89, and at harvest respectively. 
Leaves, stems and ears on the eight plants used for OLA measurements were bulked, dried 
at 70°C for 48 hours and weighed as an estimate of dry matter in 1988/89. Dry matter 
production during the season was not measured in 1987/88. 
Quadrat samples (10 x 0.lm2) were removed from pre-selected areas (Appendix III) at 
maturity (OS 92) for yield measurements in 1987/88. In 1988/89, quadrat samples were 
randomly selected from areas at least 2.5m from the edge of the plots. The samples were 
bulked for each plot, the number of ears counted, the number of grains per ear and 
individual grain dry weight determined and grain yield weighed (gDM/m2) after machine 
threshing (Saatmeister K35, Kurtpelz Maschinenbau, Bad Godesberg, Germany). Total 
dry matter at maturity was estimated in 1987/88 by subsampling, drying and weighing 40 
stems (including leaves and ears) randomly sampled from the bulked quadrats. In 
1988/89, straw and chaff from the quadrat samples was dried, weighed and added to the 
grain dry weight to give total dry matter. Harvest index was calculated for each plot in 
both years from the ratio of grain yield to total dry matter. One un sampled strip (1.5m x 
12m) from each plot was machine harvested (Walter and Wintersteigner Universal 
Seedmaster, Austria) in both years and grain yield (gDM/m2) was determined. Grain yield 
(quadrat and machine harvested samples) for plots in crop 5 were corrected for bird 
damage. Orain yield obtained by machine harvesting was compared with those from the 
quadrat samples by correlation analysis (Snedecor and Cochran, 1980). 
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2.3 V ALIDATION OF DESIGN 
Assumptions involved in non-replicated experimental designs are discussed and the use of 
this design for investigation of disease:yield loss relationships is validated in this section. 
Regression analysis was used to examine the relationship between dependent (Y; ie. yield 
or yield loss) and independent (X; ie. measurement of disease) variables in each crop. 
Regression assumptions influence the statistical criteria used for judging the significance 
of relationships (Snedecor and Cochran, 1980). The three main assumptions in linear 
regression (Snedecor and Cochran, 1980) are: 
1. for each specific X, there is a normal distribution of Y values, from which 
sample values of Y are assumed to be drawn at random. 
2. the changes in Y, per unit increase in X, are represented by a straight line, 
and 
3. deviations from the regression line were normally and independently 
distributed with a common variance (ie. homoscedastic relationship, see 
section 1.3). 
In these experiments, the relationships between Y and X were linear, except for a small 
number which were quadratic as stated in the text. Cereal yields sampled randomly from 
experimental plots have a normal distribution (0. Saville, pers. comm.). Normality and 
homoscedasticity of variables was tested using Shapiro-Wilk statistics and residual plots; 
these tests gave no indication of non-normality or heteroscedasticity in the data. 
In regression, an unbiased estimate of experimental error is achieved by randomisation of 
treatments (Steel and Tome, 1980). A small number of treatments (disease treatments 5 
and 10 in 1987/88, see Appendix IIa; disease treatment 8 in 1988/89, see Appendix lIb) 
were not randomised because these were used to measure the uniformity of grain yield in 
each field. However, it was assumed that this lack of full randomisation would not 
invalidate the analysis. 
In this study, an accurate estimate of the true yield for each disease intensity was less 
important than an accurate estimate of the slope of the relationship between disease 
intensity and yield. The total size of an experiment is constrained by resources and these 
studies were designed to optimize the information gained on the disease:yield loss 
relationships. In an experiment with 40 plots and four replicates, yield could be measured 
25 
in five different disease treatments in two yield potential crops. Although the mean yields 
may be accurate, there are only five data points in the regression and a comparison of ~. 
slopes between only two crops. Nil replication permitted measurement of yield in ten 
disease treatments in four yield potential crops. This allowed a better examination of the 
shape of the disease:yield loss relationship for each crop, and allowed a more thorough 
check for variations in slope with varying crop yield potentials. Estimates of the true mean 
for X values may be less accurate and precise in experiments with little or no replication, 
compared with experiments with many replicates. Experimental errors were minimised by 
careful application of fungicides, water and nitrogen, and selection of sites. Site history, 
topography, the soil present on the surface of the field after cultivation and aerial 
photographs were studied when selecting experimental sites. 
Analysis of linear contrast in the regression coefficient values also has assumptions which 
should be verified. Randomisation of crops ensured that comparisons of regression 
coefficients between crops was valid. In 1987/88 all crops were randomised but in 
1988/89 they were not because of the need to irrigate two of the three crops. Although the 
design in 1988/89 was vulnerable to variation between blocks, the variability in grain yield 
collected from the seven replicate plots was very low (Table 2.2). It was concluded that 
the variation between blocks was small in 1988/89 and was insufficient to change the 
regression coefficients of the relationships. 
Table 2.2: Grain yield (gDMlm2) and coefficient of variation (cv%) of plots with the full 
fungicide spray programme and low inputs in 1988/89. 
a 
Plota ' Quadrat Grain 
Yield (gDM/m2) 
1 318 
2 325 
3 330 
4 318 
5 309 
6 321 
7 310 
mean 318 
cv% 2.4 
Plots 1,2 and 3 were at the south-west end of the high (crop 5), medium (crop 6) and low 
(crop 7) input crops respectively (Appendix II). Plots 4, 5 and 6 were at the north-east end 
of crops 5, 6 and 7 respectively. Plot 7 was in the middle of crop 7. 
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The unifonnity of yield in the fields was measured as grain yield in three replicates of two 
treatments in 1987/88 and seven replicates of one treatment in 1988/89 (Appendix ll).' 
Grain yield of plots with the same treatments was similar within each crop in 1987/88 (CV 
ranged from 1.4 to 16.0%; Table 2.3) and within the experimental area in 1988/89 
(CV=2.4%; Table 2.2). In this study, CV's calculated for single and all treatments were 
similar to other experiments with agronomic treatments applied to cereal crops (Table 2.4). 
There was a slight trend towards lower yields in the west of each crop in 1987/88 (Table 
2.3) but no pattern in 1988/89 (Table 2.2). Randomisation of disease treatments would 
minimise error introduced into the design due to variation in soil and experimental factors. 
It was concluded that the data collected in both seasons was representative of the true mean 
values within the constraints imposed by the design. 
Nil replication has been used successfully in other studies to determine the response of 
yield to disease (Teng and Gaunt, 1980; Zaharieva et al., 1984). Teng and Montgomery 
(1981) used an incomplete factorial with no replication, in which each treatment plot was a 
unique epidemic, in a study of sweet com yield loss caused by common rust (Puccinia 
sorghi Schwein.). Several regression models were derived with high coefficients of 
detennination. The authors felt that the design enabled them to explore a wider rilnge of 
disease severities at each stage of crop growth. More recently, Shaw and Royle (1987) 
reported a new design with no replication which was used to produce disease gradients for 
the study of disease and yield relationships in winter barley crops. They considered that 
this method may offer a substantial advantage in analytical power as well as conceptual 
clarity over other conventional methods for field experimentation of yield loss. Thomas et 
al. (1989) used the same experimental approach as Shaw and Royle (1987) to identify 
critical crop and weather conditions suitable for infection of Mycosphaerella graminicola 
(Septoria tritici) in five winter wheat crops. These authors chose the non-replicated design 
in preference to a replicated block design to maximise the number of treatments for 
regression analysis. 
A data base derived from an experiment with no replication and analysed by regression has 
potential for the study of disease:yield loss relationships in crops with a large number of 
yield potential levels. This is because the basis for inference is larger compared with an 
experiment with several replicates. Data from this experimental design were analysed and 
valid inferences were made because the regression assumptions were satisfied. The data 
were lacking in any bias which could be detected by the check plots included in the design. 
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Table 2.3: Grain yield (gDMlm2) and coefficient of variation (cv%) of plots with selected 
disease treatments replicated in each crop in 1987/88. 
Crop· Disease Position of Quadrat Yield CV%d 
Treatmentb PlotC Yield (gDM/m2) 
1 10 E 823.9 
C 756.4 8.6 
W 693.6 
5 E 449.7 
C 584.0 16.0 
W 445.8 
2 10 E 544.3 
C 639.9 8.3 
W 576.1 
5 E 506.2 
C 489.4 2.2 
W 509.9 
3 10 E 371.2 
C 350.1 6.3 
W 326.9 
5 E 218.6 
C 181.8 9.3 
W 206.2 
4 10 E 360.1 
C 335.9 10.8 
W 290.4 
5 E 182.7 
C 181.7 1.4 
W 177.9 
Meane E 432.1 
C 439.9 10.4 
W 403.4 
• High (crop 1) and low (crop 2) input, early crops sown on 17 September 1987. High (crop 3) 
and low (crop 4) input, late crops sown on 3 December 1987. Details of management for 
each crop are in Table 2.1. 
b Treatment 10 received a full fungicide spray programme. Treatment 5 received four rust 
sprays from growth stage 70 to 88 for crops 1 and 2, and three rust sprays at growth stages 
21, 61 and 75 for crops 3 and 4 (see Figure 2.1 a and b for details). 
C Replicate plots were positioned at the east (E), west (W) and centre (C) of each crop 
(see Appendix II). 
d cv% of grain yield calculated for each treatment in each crop. 
e Overall mean and cv% calculated for all data in both treatments. 
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Table 2.4: Published coemcients of variation (cv%) of barley and wheat grain yield in 
experiments with fungicide and other agronomic treatments. 
cv% Type. Crop Experimental Treatments References 
1 S barley prophylactic fungicide spray Lim (1982) 
programme 
6 S barley prophylactic fungicide spray Na Lampang (1987) 
programme 
7 to 10 S wheat cultivar type Scott (1977) 
9 0 barley ±fungicide, cultivar type Arnst et al. (1979) 
11 0 barley fungicide number, sowing date, Wright (1987) 
cultivar type 
10 0 barley number of fungicide applications, Wright (1987) 
cultivar type 
12 0 barley cultivar type Dutta (1984) 
4t026 0 barley ±fungicide, cultivar type, Khan (1989) 
sowing rate 
11 0 barley ±fungicide, sowing date Na Lampang (1987) 
8 0 wheat number of fungicide applications Rees et al. (1982) 
7,9 0 wheat fungicide type and timing Chan (1984) 
• S = cv% calculated for a single treatment. 
o = overall cv% calculated for all treatments in the experiment. 
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CHAPTER 3 
EFFECTS OF DISEASE ON GROWTH AND YIELD OF BARLEY 
3.1 INTRODUCTION 
Average grain yields of spring-sown barley in Canterbury, New Zealand, are about 4t/ha 
(Anon. 1991). These may be doubled when grown on heavy soils or when irrigated 
(Bennett et al., 1980). The plants may tiller well and large ears are formed with a high 
potential grain number. Various constraints, but especially low available soil moisture, 
limit canopy growth and result in few tillers which survive to maturity, reduced grain set 
and small grains (Muscroft-Taylor, 1981). Yield may be reduced further by several leaf 
diseases, including leaf rust (Puccinia horde i). 
Leaf rust is frequently present in barley crops in New Zealand (Arnst, 1979) and in other 
countries (King and Polley, 1976; Mathre, 1982) and has been shown to decrease barley 
yields (Melville et al., 1976). Leaf rust has been estimated to cause annual losses of 
between 0 and 8% in spring barley surveyed in England and Wales (King, 1980). Losses 
of between 8 and 45% have been recorded in experimental crops in Canterbury (Teng, 
1978; Wright et al., 1984; Lim and Gaunt, 1986a; Na Lari1jpang, 1987). Early disease 
epidemics may reduce potential ear and grain numbers. Lim and Gaunt (1986b) reported 
that early infections of leaf rust from tillering to anthesis reduced the number of ears by 
increasing tiller death, and reduced number of grains by effects on spikelet, floret and/or 
grain abortion. Epidemics later in crop growth increased floret and grain abortion (Lim 
and Gaunt, 1986b) and reduced individual grain weight (Melville et al., 1976; Wright et 
al., 1984; Lim and Gaunt, 1986a). In cereals, foliar pathogens have been found to reduce 
leaf size (Doodson et al., 1964; Lim and Gaunt, 1981), tiller production (Finney and Hall, 
1972) and tiller survival (Carver and Griffiths, 1982; Lim and Gaunt, 1986a; Deadman and 
Cooke, 1987) and increase leaf senescence (Carver and Griffiths, 1982; Spitters et al., 
1990). These effects result in a reduction in the amount of green tissue capable of 
intercepting photosynthetically active radiation (Spitters et al., 1990). Green leaf area 
(GLA) integrates many of the effects of the pathogen on plant ~owth and yield (section 
1.3.2.2), and has been used increasingly as a measure of disease (Hau et al., 1980; Rotem 
et al., 1983a,b; Lim and Gaunt, 1981, 1986a; McAinsh et al., 1990). Measurements of per 
cent disease severity (%DS) were compared with measurements of green leaf area index 
(GLAI) in this study, to determine their suitability for describing the effect of the pathogen 
on host growth and yield development. 
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Data on the effect of leaf rust on crop growth and yield were studied in· a fion-replicate(t 
experiment in seven spring barley crops with different yield potentials, and compared with 
similar data from replicated experiments. The suitability of the database generated in these 
experiments for the development of disease:yield loss models and for the determination of 
the yield loss response in crops with different yield potentials·is discussed. 
Crop yield was manipulated by experiment location, season, sowing date, and water and 
nitrogen inputs. Leaf rust epidemics of different severities were produced in each crop 
with foliar sprays, as described in section 2.2.1. The maximum yield produced and the 
effect of leaf rust on yield are presented as the highest and lowest yielding plots in each 
crop. In most cases these plots received prophylactic or nil sprays for the control of leaf 
rust respectively. Examples of the development of disease epidemics, other than the full 
and nil epidemics, and their effect on growth are presented for the 1987 high input crop 
sown on 17 September (crop 1) and the low input crop sown on 3 December (crop 4). 
3.2 RESULTS 
Rainfall was less than average during the summer of 1987/88 and spring and summer of 
1988/89 (Appendix IV). Mean temperatures were above average in January and February 
1988 and in the growing season of the 1988/89 experiment. Sunshine hours and solar 
radiation were slightly lower than average in the 1987/88 season, whereas solar radiation 
levels were higher than average in the summer of 1988/89. 
Leaf rust was the dominant disease (Figures 3.1 and 3.2). The highest mean severity of net 
blotch on all mainstem leaves was 0.3% at one harvest date. At this harvest date, net 
blotch was found on 16% of the plants sampled. The damage caused by this disease is 
likely to be negligible as disease intensities were low. First symptoms of leaf rust were 
observed 41 days (OS 31), 8 days (OS 12) and 39 days (OS 31) after emergence in the 
early 1987/88, late 1987/88 and 1988/89 crops respectively. Disease developed rapidly in 
all crops and was severe in the full epidemic plots from OS 34 and 46 to maturity in the 
late and early sown crops respectively (Figure 3.1). The rest of the epidemics had 
intermediate severities which were generally evenly spacedpom the mid to the end of the 
season (Figure 3.2). I-at each growthstage-r 
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Figure 3.1: Per cent disease severity (derived from non-green leaf area measurements) on 
the top three leaves of the mainstem, in treatments with full (open symbols) and nil (closed 
symbols) disease in the 1987/88 A) high input crops, sown early (crop 1; 0 • ) and late 
(crop 3; 0 • ) and B) low input crops, sown early (crop 2; 6 .) and late (crop 4; v ~). 
Arrows indicate the tirst symptoms of leaf rust. 
Decimal growth stage (Zadoks et aL, 1974). 
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Figure 3.2: Per cent disease severity (derived from non-green leaf area measurements) on 
the top three leaves of the mainstem, in the full (0), nil ( .) and three other epidemics with 
intermediate severities in the 1987/88 A) high input, early crop sown on 17 September 
(crop 1) and B) low input, late crop sown on 3 December (crop 4). 
Intermediate treatments were treatments 8 (\7), 6 (.&) and 2 (0) in crop 1 and treatments 
8 (\7),5 (.&) and 4 (0) in crop 4 (see Figure 2.1a,b for spray programme details). 
Arrows indicate the first symptoms of leaf rust. 
Decimal growth stage (Zadoks et al., 1974). 
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Oreen leaf area index increased in all prophylactically sprayed plots to a maximum at OS 
33/34 and subsequently declined to harvest (Figure 3.3). Early sowing and high inputs of 
water and nitrogen resulted in plots with higher recorded maxima, and longer durations, of 
OLAI than plots sown late or with low inputs (Figure 3.3). For example, the 1987/88 early 
sown, high input crop (crop 1) had a maximum OLAI of 5.1 and a green leaf area duration 
of 105 days. Late sowing with low inputs (crop 4) reduced maximum OLAI to 2.6 and 
shortened green leaf area duration by 31 days compared with crop 1. 
Plots with nil disease control had consistently less OLAI from OS 31 and 32 in 1987 and 
OS 33 in 1988 onwards than the plots with full disease control (Figure 3.3). Disease 
reduced maximum OLAI by 36 to 59% in the 1987/88 crops. The effect of disease on 
maximum OLAI was smaller in 1988/89 (0 to 20%) compared with 1987/88. Senescence 
of the last leaves in the diseased plots occurred 4 to 20 days and 6 to 10 days earlier than 
the plots with full disease control in 1987/88 and 1988/89 respectively. The development 
of OLAI in plots with partial epidemics was generally between the full and nil disease 
treatments. The development of OLAI in each epidemic was generally evenly spaced from 
,---- --- y 
the mid to the end of the season (Figure 3.4). aieachgr()\\'th~s~g~\ 
Disease affected some of the plant components (size of leaves and number of tillers) which 
contribute to OLAI. In diseased plants, leaf size was smaller for most leaves on the low 
order tillers (MS, T1, T2, T3; Mitchell, 1953) in crop 1 and 3, and TI and T2 in crop 2. 
Disease did not affect leaf size on other tillers in other crops, and the differences in leaf 
number for lower order tillers was small. Disease had a greater effect on the maximum 
number of tillers produced on each plant than leaf size or number. Disease reduced the 
maximum number of tillers on each plant by up to 41 % (Table 3.1). The proportion of 
tillers which survived to maturity was generally similar in both the healthy and diseased 
plants in all crops (Table 3.1), however the number of ears at maturity was higher in the 
healthy plants (Table 3.1). The rate of leaf senescence, defined as the change in per cent 
green leaf area (%OLA), was similar in both the healthy and diseased plants, but 
senescence began earlier in the diseased plants (Figure 3.5). The reduction in %OLA for 
plots with partial epidemics was generally between the full and nil disease treatments 
(Figure 3.6). 
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Figure 3.3: Green leaf area index in treatments with full (open symbols) and nil (closed 
symbols) disease in the 1987/88 A) high input crops, sown early (crop 1; 0 • ) and late 
(crop 3; 0 .), B) low input crops, sown early (crop 2; t::. .) and late (crop 4; v 't') and the 
C) 1988/89, high (crop 5; 0 • ), medium (crop 6; o{lo +) and low (crop 7; 1c: "") input crops. 
Arrows indicate the first symptoms of leaf rust. 
Decimal growth stage (Zadoks et al., 1974). 
Vertical bars represent 2x standard error of mean. 
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Figure 3.4: Green leaf area index in the full (0 ), nil (. ) and three other epidemics with 
intermediate severities in the A) high input, early crop sown on 17 September (crop 1) and 
B) low input, late crop sown on 3 December (crop 4). 
Intermediate treatments were treatments 8 ('V), 6 (A) and 2 ( D) in crop 1 and treatments 
8 ('V), 5 (A) and 4 (D) in crop 4 (see Figure 2.1a,b for spray programme details). 
Arrows indicate the first symptoms of leaf rust. 
Decimal growth stage (Zadoks et al., 1974). 
Vertical bars represent 2x standard error of mean. 
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Table 3.1: Effect of leaf rust on maximum number of tillers, per cent tiller survival and 
number of ears at maturity In 1987/88 and 1988/89 barley (cv. Triumph) cr-ops. 
Crop· Sowing Nitrogen and Diseaseb Maximum Number Number of Tiller 
Date Water Inputs of Tillers/mk . Ears/m2 Survival (%) 
1 Sept 1987 high 1529 (259.7) 895 59 
+ 1083 (431.5) 558 52 
2 Sept 1987 low 1430 (459.8) 800 56 
+ 938 (283.5) 490 52 
3 Dec 1987 high 1518 (451.8) 783 52 
+ 890 (359.7) 460 52 
4 Dec 1987 low 1029 (295.3) 686 67 
+ 654 (247.2) 450 69 
5 Sept 1988 high 2133 (438.8) 904 42 
+ 1309 (425.9) 681 52 
6 Sept 1988 medium 1683 (327.1) 862 51 
+ 1338 (415.3) 625 47 
7 Sept 1988 low 1154 (480.5) 558 48 
+ 1038 (283.0) 496 48 
mean of crops 1 to 7 1497 (361.0) 784 (125.0) 54 (8.1) 
+ 1036 (239.7) 537 (87.9) 53 (7.3) 
• See Table 2.1. 
b Spray programmes for prophylactically sprayed (-) and unsprayed (+) plots are given in 
Figure 2.1. 
c Mean and standard deviation (in brackets) of tillers per plant multiplied by plant population 
in each plot 
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Figure 3.5: Per cent green leaf area in treatments with full (open symbols) and nil (closed 
symbols) disease in the 1987/88 A) high input crops, sown early (crop 1; 0 • ) and late (crop 
3; 0 • ), B) low input crops, sown early (crop 2; A A) and late (crop 4; v ~ ) and the C) 
1988/89, high (crop 5; 0 .), medium (crop 6; ~ +) and low (crop 7; * *) input crops. 
Arrows indicate the first symptoms of leaf rust. 
Decimal growth stage (Zadoks et al., 1974). 
Vertical bars represent 2x standard error of mean. 
Gompertz and logarithmic curves were fitted to data using the Maximum Likelihood 
Programme. Lines were fitted by eye when the Gompertz and logarithmic relationships were 
a poor fit to the data. 
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Figure 3.6: Per cent green leaf area in the full ( 0), nil ( .) and three other epidemics with 
intermediate severities in the A) high input, early crop sown on 17 September (crop 1) and 
B) low input, late crop sown on 3 December (crop 4). 
Intermediate treatments were treatments 8 ('\7), 6 (A) and 2 (0) in crop 1 and treatments 
8 ('\7), 5 (A) and 4 (0) in crop 4 (see Figure 2.1a,b for spray programme details). 
Arrows indicate the tirst symptoms of leaf rust. 
Vertical bars represent 2x standard error of mean. 
Decimal growth stage (Zadoks et al., 1974). 
Gompertz and logarithmic curves were titted to data using the Maximum Likelihood 
Programme. Lines were titted by eye when the Gompertz and logarithmic relationships were 
a poor tit to the data. 
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Radiation interception by the crop canopy increased through the season in all crops to a 
maximum at approximately canopy senescence (Figure 3.7). Crops sown early, with high 
inputs and full disease control intercepted more radiation (93% in crop 5) than crops sown 
late and with low inputs including disease control (58% in crop 3). Disease reduced 
radiation interception by up to 28 and 13% in 1987/88 and 1988/89 respectively (Figure 
3.7). Plants in the intermediate disease treatments generally intercepted more radiation 
than those in the full disease treatment but less than those in the prophylactically sprayed 
plots (Figure 3.8). 
Diseased plants produced less dry matter than healthy plants from about anthesis (early 
December) to maturity (Figure 3.9). Disease reduced dry weight at maturity by 50, 10 and 
34% for crops 5, 6 and 7 respectively. The development of dry matter in plots with partial 
epidemics was generally between the full and nil disease treatments. 
The yields obtained by machine harvesting correlated well (r=0.98, P<O.OOI) with those 
from the quadrat samples, though the latter were approximately 17% higher after 
adjustment to an equal moisture content. In view of the greater precision associated with 
quadrat sampling (Lim and Gaunt, 1986a), intepretation of data was based on these 
samples only. 
Seven crops with different yield potentials in the absence of disease were produced by 
providing different levels of nitrogen and water and sowing at different times (Table 3.2). 
These crops ranged from a low (323gDM/m2) to a high grain yield (806gDM/m2). In 
1987/88, crops sown early had a higher yield (650 and 763gDM/m2) than late sown crops 
(336 and 350gDM/m2). Yield was reduced by lower inputs of water and nitrogen, in the 
early sowing, but not in the late sowing in 1987/88. In 1988/89, high yields were 
associated with high levels of water and nitrogen, whereas low levels of inputs resulted in 
low yields (Table 3.2). High yielding crops had more ears per metre square, grains per ear 
and greater individual grain weights, than low yielding crops (Table 3.2). 
Grain yield was reduced as disease intensity increased (Table 3.2; Appendices V and VI). 
Yield loss in the full diseased treatments was greater in the 1987/88 (50% (crop 2) to 63% 
(crop 3» compared with the 1988/89 crops (24% (crop 7) to 38% (crop 6); Table 3.2). 
Reductions in yield caused by disease were associated with fewer ears and lower 
individual grain weight (Table 3.2). Disease reduced the number of ears per square metre 
by 34 to 41 % and individual grain weight by 25 to 31 % in crops grown in 1987/88. 
Reductions in number of ears and individual grain weight caused by disease were less in 
1988/89, from 11 to 27% and 11 to 16%, respectively. In the late sown 1987/88 crops, 
disease reduced the number of grains per ear by 12 and 15%, but did not reduce grains per 
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Figure 3.7: Per cent canopy radiation interception in treatments with full (open symbols) 
and nil (closed symbols) disease in the 1987/88 A) high input crops, sown early (crop 1; 0 .) 
and late (crop 3; 0 .), B) low input crops, sown early (crop 2; 6.) and late (crop 4; ~.) 
and the C) 1988/89, high (crop 5; ¢ .), medium (crop 6; o{)o + ) and low (crop 7; )!( *') input 
crops. 
Arrows indicate the tirst symptoms of leaf rust. 
Decimal growth stage (Zadoks et al., 1974). 
Gompertz and logarithmic curves were titted to data using the Maximum Likelihood 
Programme. Lines were titted by eye when the Gompertz and logarithmic relationships were 
a poor tit to the data. 
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Figure 3.8: Per cent radiation interception in the full ( 0), nil ( .) and three other 
epidemics with intermediate severities in the A) high input, early crop sown on 17 
September (crop 1) and B) low input, late crop sown on 3 December (crop 4). 
Intermediate treatments were treatments 8 (\7), 6 (A) and 2 (0) in crop 1 and treatments 
8 (\7), 5 (A) and 4 ( 0 ) in crop 4 (see Figure 2.1a,b for spray programme details)~ 
Arrows indicate the tirst symptoms of leaf rust. 
Decimal growth stage (Zadoks et al., 1974). 
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Gompertz and logarithmic curves were titted to data using the Maximum Likelihood 
Programme. Lines were titted by eye when the Gompertz and logarithmic relationships were 
a poor tit to the data. 
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Figure 3.9: Dry matter production (gDM/m2) in treatments with full (open 
symbols) and nil (closed symbols) disease in the 1988/89, high (crop 5; 0 • ), medium 
(crop 6; -:. +) and low (crop 7; * *) input crops. 
Arrow indicates the first symptoms of leaf rust. 
Decimal growth stage (Zadoks et al., 1974). 
Lines finish at maturity (GS 92). 
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Table 3.2: Effect ofleahust on the yield and yield components ofseven spring sown barley (cv. 
Triumph) crops In 1987/88 and 1988189. 
Crop· Sowing Nitrogen and Oiseaseb Quadrat Header Number of Number of Individual 
Oate Water Inputs Grain Yield Grain Yield Ears/m2 Gralns/Earc Grain Weight 
(gOM/m2) (gOM/m2) (mgDM) 
1 Sept 1987 high 763 733 895 21.5 39.7 
+ 329 341 558 21.4 27.5 
2 Sept 1987 low 650 536 800 20.5 39.7 
+ 324 313 490 22.3 29.7 
3 Dec 1987 high 336 286 783 16.3 26.4 
+ 125 116 460 14.3 19.1 
4 Dec 1987 low 350 314 686 17.1 29.8 
+ 137 112 450 14.6 20.9 
5 Sept 1988 high 806 631 904 23.5 37.9 
+ 529 453 681 23.2 33.5 
6 Sept 1988 medium 696 526 862 21.1 38.3 
+ 429 324 625 20.1 34.1 
7 Sept 1988 low 323 244 558 17.3 33.5 
+ 244 178 496 17.5 28.1 
mean for crops 1 to 7 561 (215.5)d !467 (187.9)1 784 (125.0) 19.6 (2.72) 35.0 (5.27) 
+ 302 (147.6) 126~(129.1)i 537 (87.9) 19.1 (3.63) 27.6 (5.76) 
• See Table 2.1. 
b Spray programmes for prophylactically sprayed (-) and unsprayed (+) plots are given in Figure 2.1. 
C Calculated from grain yield, ears/m2 and grain weight. 
d Standard deviation in brackets. 
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ear in the early, high input 1987/88 crop or the 1988/89 crops (Table 3,2), Full disease in 
the early, low input 1987/88 crop increased grains per ear by 8% relative-to healthy plants 
but this epidemic did not follow the trend of the epidemics with slightly lower severities 
(Appendix V), 
3.3 DISCUSSION 
Leaf rust epidemics were characterised by low disease severities early in crop growth 
(earlier than GS 31) but disease developed rapidly and was severe later, This pattern of 
development was similar in both early and late sown crops and in both years, Final disease 
severities were higher in 1987/88, The night dews in spring provided the moisture 
required for infection by urediniospores (6 hours of moisture, Simkin and Wheeler, 1974), 
The warm spring temperatures were also conducive to infection by urediniospores (3°C, 
approximately 20°C and 30°C are the minimum, optimum and maximum temperatures for 
infection; Gair et ai" 1987), The dry and warm summer conditions were conducive to the 
dispersal and reinfection by ~niospores (Simkin and Wheeler, 1974; Gair et ai" 1987), 
Wind requirements for dispersal of urediniospores are typically satisfied in Canterbury, 
therefore this was not a limiting factor for leaf rust development. The infected buffers and 
early sown crops provided large amounts of inoculum for the late sown crops, The rapid 
build-up of leaf rust in mid summer has been observed in other late sown crops in 
Canterbury (Teng, 1978; Lim, 1982) and overseas (Lester, 1971; King, 1973), 
Measurements of GLAI during the season in the healthy crops gave an indication of 
growth potential as affected by water and nitrogen inputs, sowing date and season, The 
crops with high inputs of water and nitrogen had denser canopies which intercepted more 
radiation and hence produced more dry matter and grain yield (Gallagher and Biscoe, 
1978b), Similarly, Whitfield and Smith (1989) examined growth in wheat crops and found 
that higher inputs of water increased the m~ximum and duration of GLAI, canopy radiation 
interception and grain yield relative to crops with low inputs, Differences in yield have 
been correlated with crop GLA development and radiation interception in cereal crops 
unconstrained by disease but sown at different dates and environments (Gallagher and 
Biscoe, 1978b; Prew et ai" 1985; Russell and Ellis, 1988), Measurements of GLAI in 
healthy crops give an indication of current plant size and potential yield and GLAI may be 
appropriate for estimation of final yield in crops infected with foliar pathogens, Canopy 
radiation interception may be less suitable than GLAI as a measurement of disease because 
radiation can also be intercepted by non-photosynthetic tissue (ie, diseased or dead leaves, 
stems and ears; Thome et ai" 1988), Radiation intercepted by green tissues may be a 
better measurement than canopy radiation interception of the effects of disease on crop 
growth. Radiation intercepted by green leaves was evaluated and compared with GLAI 
measurements in diseased crops in Chapter 6. 
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Assessment of visual disease, as disease severity, did not represent the full extent of the 
effect of disease on plant growth. During tiller development in 1987/88, GLAI was 
reduced considerably, whereas disease, measured as percentage severity, was still very 
low. At GS 32-34, GLAI in diseased plants was reduced by 36 to 59% compared with 
healthy plants (Figure 3.3), whereas %DS was measured at only 20% or less (Figure 3.1). 
Similarly, Lim and Gaunt (1986a) found that leaf rust reduced barley mainstem GLA by 
16% at GS 32, but main stem %DS was assessed at only 6%. 
Infection by leaf rust resulted in a canopy which was open and which intercepted less 
radiation. This, in combination with less GLA, reduced dry matter production and 
subsequent yield in infected plants. Reductions in grain yield have been correlated with 
GLA in cereal crops infected with leaf rust (Lim and Gaunt, 1986a; Wright, 1987; Spitters 
et al., 1990). The reduction in grain yield caused by less photosynthetic area has also been 
reported in cereal crops infected with other foliar diseases; powdery mildew in spring 
barley (Jenlcyn, 1976; Carver and Griffiths, 1981, 1982), net blotch in spring barley 
(Deadman and Cooke, 1987), speckled leaf blotch in winter wheat (Thomson and Gaunt, 
1986). Hence, GLA described the effects of the pathogen on host growth better than 
measurements of %DS. 
Leaf rust reduced the yield by 24 to 63% compared with healthy plants. The decreased 
yield was because of fewer ears and lighter individual grain weights. In healthy plants, 
potential tiller number is determined relatively early in growth and declines to maturity 
because of tiller death (Gallagher and Biscoe, 1978b; Costigan and Biscoe, 1991). Disease 
reduced GLA early in the season because the rust covered the leaves with lesions and 
associated chlorosis and induced premature senescence. This may have reduced the supply 
of assimilate to the developing tillers in the diseased relative to the healthy plants. Tiller 
survival appeared to be unaffected by disease (Table 3.1). In Canterbury, early epidemics 
of the foliar pathogen Erysiphe graminis in barley reduced the number of ears by 
increasing tiller death rather than limiting the potential numbers of tillers (Lim and Gaunt, 
1986b). No reductions in the number of ears have been reported in Canterbury barley 
crops infected with leaf rust (Teng, 1978; Arnst et al., 1979; Wright et al., 1984; Lim and 
Gaunt, 1986a) but these epidemics developed after the final ear population was 
determined. Overseas, early infections of leaf rust in barley crops have reduced the ear 
population (Udeogalanya and Clifford, 1982). 
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Effects of early disease infection, such as reduced GLA, may continue to constrain yield 
potential. In healthy barley plants the maximum number of spikelet primordia is 
determined around GS 31 but decline to maturity because of spikelet, floret and grain 
abortion (Gallagher et al., 1976b; Lim and Gaunt, 1986b). In this experiment, number of 
grains per ear was not affected by disease in a consistent manner. Number of grains per 
ear in the two crops with the greatest yield loss to leaf rust infection (crops 3 and 4) was 
reduced by 12 and 15%. This indicated that the GLA present in diseased plants from GS 
31 to maturity may not have been sufficient to maintain spikelet, floret and/or grain 
viability relative to healthy plants. In Canterbury, other authors (Arnst et al., 1979; Lim 
and Gaunt, 1986b; Wright, 1987) have found that grain number per ear in barley was 
reduced by leaf rust. 
Crops may compensate for early reduction in yield potential by increases in components 
determined later in the season; especially individual grain weight (Teng and Gaunt, 1980). 
There was no evidence for compensation in this experiment. The compensation for early 
reductions in yield potential was prevented probably because of the reduced levels of GLA 
caused by early disease. The final individual grain weight in diseased plants was probably 
reduced during anthesis and grain filling when the last green leaves were near, or at full 
senescence. Low levels of GLA at, or shortly after anthesis, may have decreased 
assimilate production, thereby limiting the number of endosperm cells formed and 
potential grain size (Cochrane and Duffus, 1983). During grain filling assimilate 
production from current photosynthesis would also be low in diseased relative to healthy 
plants (Bremner and Rawson, 1978; Green and Ivins, 1984). In addition, stored 
carbohydrate levels in the infected plants were likely to be low (Wright, 1987) and would 
not have contributed significantly to grain filling (Carver and Griffiths, 1982). Weight of 
individual grains has also been reported to be reduced by short and long term epidemics of 
leaf rust in Canterbury (Teng, 1978; Lim and Gaunt, 1986a,b; Wright et al., 1987) and 
overseas (Jenkins et al., 1972; King and Polley, 1976; Melville et al., 1976). 
The effect of disease on crop growth and yield can be best quantified in regression analysis 
by having an independent variable (eg. disease) with a wide range (Cornell and Berger, 
1987) of evenly dispersed values (Shaw and Royle, 1987). This enables the derivation of 
disease:yield models with accurate slope values and increases the likelihood of detecting 
nonlinearity in the relationship of yield on disease if such exists (Cornell and Berger, 
1987). A large database was generated through field experimentation, with data collected 
over a wide range of crop yields and leaf rust intensities. The grain yield of plots with full 
disease control covered 90-95% of spring barley yields expected in Canterbury over a ten 
year period (2.2 to 9tDM/ha; B.McCloy pers. comm.). Yield loss in crops 1 to 4 was 
greater than the highest losses caused by leaf rust recorded in experiments in Canterbury 
(45%; Teng, 1978). 
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Each disease epidemic increased in severity during the season but severities were different 
from each other by equal amounts. Hence, measurement of disease severity or host growth 
variables at any stage in the development of epidemics had values which were generally 
evenly distributed. The database was thus suitable for regression analysis. Comparison of 
disease-induced yield reductions in crops with different yield potentials assumes regression 
slope values calculated for each crop are accurate and these crops have been constrained in 
a similar manner. Accurate slope values were achieved by having epidemics which 
occurred at similar stages of crop development, and therefore reduced variation in yield 
caused by possible differences in crop sensitivity to disease (Gaunt et al., 1986). Yield 
components in all crops were also affected by disease in a similar way (ie. ears/m2 and 
individual grain weight were reduced by disease in all crops). Fungicide spray 
programmes which result in disease epidemics with different start and finish dates (ie. 
early and late epidemics, ego Lim, 1982) would not be suitable for this study because crop 
growth would be constrained at different stages of development when crop sensitivity to 
disease may be different (Lim and Gaunt, 1986a). Yield reductions in crops exposed to 
epidemics with different timings may be caused not only by the inherent sensitivity of the 
crop's yield potential to disease but also by the sensitivity of different crop growth stages 
to disease. In this case, care would be required in the interpretation of yield loss in crops 
with different yield potentials. 
Data derived from these non-replicated experiments were found to be similar to data from 
replicated experiments. Therefore, the data from these non-replicated experiments was 
suitable for testing a range of methods for the estimation of yield loss in different yield 
potential crops. Green leaf area summarised many of the effects of the pathogen on host 
growth, and may provide a better basis than measurements of per cent disease severity for 
determining relationships between disease and yield in crops with different yield 
potentials. In Chapter 4, different methods for estimating yield loss were examined to 
determine the importance of yield potential in relationships between disease and yield. 
CHAPTER 4 
EFFECT OF CROP YIELD POTENTIAL ON 
DISEASE: YIELD LOSS RELATIONSHIPS 
4.1 INTRODUCTION 
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In crop loss assessment it is generally assumed that there is a similar response of yield to 
the presence of disease in all crops, regardless of their potential yield under disease-free 
conditions (MacKenzie and King, 1980; Gaunt and Robertson, 1989). This assumption is 
simplistic and although useful in the estimation of crop loss, it is not necessarily correct in 
the field. Crops produced under similar management, edaphic and environmental 
conditions have a relatively consistent relationship between disease and yield loss (Teng 
and Shane, 1984). The relationship can be studied in field experiments and described by a 
single empirical model. This model can be used in crop loss assessment to estimate yield 
loss in crops grown in situations similar to those in the original experiments. Crops grown 
in situations different from those in the original experiments often have different 
disease:yield loss relations (Teng and Shane, 1984; Gaunt, 1987a). Regression parameters 
for estimation of yield loss can be markedly different between locations and years (Table 
4.1). Crop loss estimation based on a single disease:yield loss model is often not accurate 
for crops in another environment (Zadoks and Schein, 1979). Carver and Griffiths (1982) 
estimated barley yield loss for their powdery mildew infected crops using a model derived 
from Large and Doling (1962). Estimation of yield loss was accurate for late epidemics 
but markedly underestimated the effects of early epidemics. The accuracy of yield loss 
estimates may be influenced by the relationship between crop yield potential and disease. 
Crop yield potential has been found to have a variable effect on the disease:yield loss 
relationship. In powdery mildew infected wheat, Daamen (1989) and Leath and Bowen 
(1989) found that yield potential had no effect on actual yield loss. In contrast, Lipps and 
Madden (1989) found that actual yield loss was greater in low compared with high 
yielding wheat crops. Similar contrasting results have been reported for leaf rust infected 
barley (eg. King and Polley, 1976 vs. Udeogalanya and Clifford, 1982). Interpretation of 
the disease:yield loss relationship in the above examples is limited by problems with the 
data. These include a small range in yield potential, low disease severity and disease 
explained little of the variation in grain yield. Interpretation of the disease:yield loss 
relationship 
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Table 4.1: Examples of disease:yield loss models for spring barley crops infected with leaf rust. 
Model· GSof Maximum Location yeard Reference 
Disease Yield Loss 
Measurementb (%)C 
YL=O.60 * OS Ll 75 10 England 1972-1974 King and Polley (1976) 
YL=O.40 * OS L2 75 10 England 1972-1974 King and Polley (1976) 
Y =-0.87 * OS L2 75 24 England 1969 -1971 Melville et al. (1976) 
YL=O.60 * OS plant 75 20 Wales 1978 Udeogalanya and Clifford (1982) 
YL=1.50 * OS plant 75 30 Wales 1978 Udeogalanya and Clifford (1982) 
YL=9.69 * OS Ll 59 NA New Zealand 1975 -1976 Teng et al. (1979) 
YL=1.81 * OS L2 59 NA New Zealand 1975 -1976 Teng et al. (1979) 
YL=O.35 * OS L2 73n4 NA New Zealand 1975 -1976 Teng et al. (1979) 
YL=O.30 * AUDPC 39 to 84 NA NewZeaIand 1975 -1976 Teng et al. (1979) 
YL=1.18 * OS L2 58/59 and NA NewZeaIand 1975 -1976 Teng et al. (1979) 
+0.16* OSL2 83/84 
• OS = per cent disease severity. AUDPC = area under disease progress curve. Ln = number of leaf from top 
b 
of mainstem. YL = yield loss in proportional units. Y = yield loss in actual units (kg/ha). 
Decimal growth stage (Zadoks et al., 1974). 
C Maximum per cent yield loss recorded in experiments. 
d Models were derived from data collected for the year(s) stated. 
NA = information not available. 
may also be influenced by the way yield loss is expressed, disease is measured and how 
yield loss and disease variables are modelled. 
Expression of yield loss in either proportional (eg. per cent yield) or actual units influences 
the regression slope values when derived from crops with different yield potentials (section 
1.3.1; MacKenzie and King, 1980; Teng and Oshima, 1983). In proportional loss models, 
yields of different crops are forced to a common intercept. For crops with a wide range in 
potential yield, forcing a common intercept may cause different estimates of proportional 
loss in each crop. Reddy et al. (1979) reported that actual yield loss caused by bacterial 
leaf blight (Xanthomonas oryzae (Ulyedo and Ishiyama» was similar for two rice crops 
grown in different seasons. The yields of the healthy crops were 3760 and S360kg/ha. 
When data were transformed to a percentage of potential yield at each location, per cent 
yield loss was found to be different in the two crops. Proportional loss models may be less 
suitable for quantifying the relationship between disease and yield loss in crops of different 
yield potential. 
The effect of pathogens on crop growth and yield can be estimated by disease or host-
based measurements. Host-based measurements (eg. green leaf area) may provide a better 
estimate of the effect of the pathogen on growth and yield than per cent disease severity 
(Chapter 3, Lim and Gaunt, 1986b). Host-based measurements may be suitable for 
defining the effect of yield potential on the relationship between disease and yield loss: 
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Single point, multiple point and area under curve regression models (section 1.3.3; James 
and Teng, 1979) have been used for the estimation of yield loss caused by barley rust 
diseases (Teng et al., 1979; Lim and Gaunt, 1986a; Wright, 1987). Single point models 
have not been successful at estimating yield loss when applied to situations outside of 
those in which the model was initially developed (Teng et al., 1979). Changes in disease 
progress at stages in the epidemic other than that measured in the single point model may 
affect yield. This may be a source of error in crop loss estimation. Multiple point models 
allow for differences in disease progress by estimating yield loss from two or more 
measurements of disease. However, Teng and Bissonnette (1985) found that separate 
multiple point models were required for early and late season pathosystems. Derivation of 
AUC models requires many disease assessments, but this model type has the advantage of 
summarising disease progression as one variable (Rouse, 1988). Area under curve models 
also account for differences in infection rates, disease progression and final severities 
which may be important in yield loss but are ignored in SP and MP models. 
The main objective of this study was to define the effect of crop yield potential on the 
response of yield to disease constraints. This response was studied in seven crops with a 
wide range of potential yields and each with many leaf rust epidemics ranging from nil to 
severe. 
Specific objectives were to: 
1. evaluate per cent disease severity and GLAI as measurements of disease for 
estimation of yield loss in different yielding crops. 
2. compare the relationships between yield or per cent yield loss and disease, 
measured as per cent leaf rust severity and green leaf area index (GLAI), in crops 
with different yield potentials. 
3. detennine the effect of expressing loss of yield in proportional or actual units for 
disease:yield loss models derived from crops with different yield potentials. 
4. evaluate the predictive value of single point, multiple point and area under curve 
models from measurements of disease in different yielding crops. 
5. detennine whether a single model describing the relationship between disease and 
yield can be used in barley crops with different yield potentials. 
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4.2 DATA ANALYSIS 
Disease:yield loss models were derived using a range of independent, X, and dependent, 
Y, variables to evaluate which models could be used to define the response of yield loss to 
disease in crops of different yield potential. 
Grain yield (section 2.2.2) for each plot was expressed as a proportion of healthy yield for 
each crop (ie. per cent yield) and actual yield (gDM/m2). One plot from each crop in 
1988/89 was excluded from the analysis. The yield of treatment 2 (see Figure 2.1c) in crop 
5, and of treatment 3 in crop 7 was low because of excessive bird damage and water stress 
due to a strip of shallow soil respectively. The yield of treatment 3 in crop 6 was high 
because of accidental additional irrigation at grain-filling. 
Relationships between measurements of per cent disease severity (%OS; mean per cent 
leaf rust severity on the top three leaves of the mainstem) and GLAI (section 2.2.2) and per 
cent and actual yield, were developed by regression analysis for individual crops. 
Oisease:yield loss relationships for each crop were derived as single point (SP), multiple 
point (MP) and area under curve models. 
Per cent disease severity and GLAI, for all growth stages and for individual or all crops, 
were analysed by stepwise regression. The best one, two and three variable models, on the 
basis of the F statistic, were identified by this analysis. Terms were added to the linear 
regression of yield and disease variables by minimisation of the residual mean square. 
Area under curve models were calculated as: 
n-l 
E [(Yi+l + Yi)/2)][Xi+1 - Xi] 
i=1 
... 4.1 
where Y is the disease severity or GLAI at the ith assessment on day X and n is the number 
of assessments. Area under disease progress curve (AUDPC) models were calculated from 
the appearance of the first leaf rust symptoms to the senescence of the last remaining green 
leaf on the main stem of healthy plants. Area under green leaf area index curve 
(AUGLAIC) models were calculated from seedling emergence to the senescence of the last 
remaining green leaf on the sampled plants. 
The statistical analyses were performed with the Minitab statistical package (Ryan et al., 
1982). Models were evaluated by the coefficient of determination adjusted for the degrees 
of freedom (R2 adj; Ryan et al., 1982) and F statistic. F values are not presented for each 
regression equation, however the significance of the F test is indicated (ie. *, ** and*** 
represents P<0.05, 0.01 and 0.001 respectively). 
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Homoscedasticity of variance was checked by a scatter diagram of residuals (observed 
minus predicted Y's). Residuals were evenly spread and were within two standard 
deviations of the mean, hence variance was stable. Errors associated with per cent and 
actual yield values were tested for normality using the Shapiro-Wilk test or Kolomogorov 
D statistic (Anon., 1985). Errors were found to be normally distributed and therefore 
actual values rather than transformed values were analysed. 
The effect of crop yield potential on the relationship between disease and yield loss was 
evaluated by comparing regression coefficients (slopes) of the disease:yield loss regression 
equations for different crops (Saville and Wood, 1991). The regression slopes were 
plotted against crop yield potential and a linear contrast in the slopes was calculated using 
contrast values defined by the potential yield. The potential yield was defined as the grain 
yield for the highest yielding plot in each crop. The standard error of the contrast was 
calculated from the standard error of the slope estimates. Standard errors of the slope 
estimates for each relationship were based on pooled or unpooled error terms. The 
difference in error terms was determined by dividing the error mean square value for one 
relationship by the error mean square values for each of the other relationships. Error 
terms for each relationship were pooled if these values were less than the critical F value at 
the 5% level. The significance test for the linear contrast among the slopes was based on 
the t statistic at the 5% level of probability. The t value was calculated by dividing the 
linear contrast by its standard error. An example of the method of analysis is given in 
Appendix VII. 
Single point and area under curve models were derived for all crops within and between 
years if there was no linear relationship between the slope values of the regression models 
and crop yield potential. 
4.3 RESULTS 
Disease:yield loss models were derived using two methods of disease measurement, per 
cent disease severity and green leaf area index. For each measurement type, the 
relationship between disease and yield loss (actual or percent loss) is reported for single 
point, multiple point and area under curve models. 
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4.3.1 Per Cent Disease Severity 
A few significant (P<0.05 to P<O.OOl) SP models of per cent yield and %DS were found 
for crops 1 to 4 (Table 4.2). The best models, judged by the highest R2 adj and F values, did 
not occur at the same growth stage. The response of per cent yield to disease, measured as 
%DS, in crops with different yield potential levels, was analysed using SP models for data 
collected at similar growth stages. Models at OS 70 were chosen because they had high 
R2 adj and F values in each crop (Table 4.2). Crop 1 lost almost twice the per cent yield, 
per unit of disease, as crop 4 (Figure 4.1a) but the analysis of linear contrasts indicated no 
significant (P>0.05) linear trend between regression slope values and crop yield potential. 
Therefore, a single model which represented the relationship between per cent yield and 
%DS at OS 70 was derived for all crops in 1987/88. The significant (P<O.OOl) model 
derived for all crops in 1987/88 was: 
% Yield = 92.1 - 0.77 %Disease Severity se(b)= 0.077 R 2 adj=O. 72 
Expression of yield loss in actual units, rather than per cent units, changed the slope and 
intercept values for each model (Table 4.3) but the R2 adj and F values remained the same 
.. .4.2 
as when per cent units were used (Table 4.2). At OS 70 (Figure 4.1 b), the low yield 
potential crops (crops 3 and 4) lost 3 to 4 times :~s~ Iyield, per unit of %DS, than the 
highest yielding crop (crop 1). Analysis of linear contrasts indicated that the trend 
between slope values and crop yield potential was significant (P<O.OOl). A single model 
of %DS at OS 70 and yield for all crops was not calculated because each crop lost different 
amounts of actual yield in the presence of leaf rust. 
Inclusion of a second or third %DS measurement did not markedly increase the proportion 
of variation in yield (per cent and actual) explained by SP models in individual crops 
(Tables 4.4 and 4.5). Multiple point models with the highest R 2 adj and F values occurred 
at different growth stages in most crops. Multiple point models derived from data for all 
crops explained slightly more variation (R2 adj=O.77) in per cent yield than single point 
models (R2 adj=O.72; Table 4.4). 
Area under disease progress curve accounted for a large proportion of the variation in per 
cent and actual yield in individual crops (Figure 4.2a,b). Separate AUDPC:per cent yield 
loss models were required for each crop because per cent (Figure 4.2a) and actual (Figure 
4.2b) yield loss were significantly (P<0.05) greater in low than high yield potential crops. 
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Table 4.2: Single point models' of per cent yield and per cent disease severity (% DS) for 
each barley (cv. Triumph) crop in 1987/88. 
Cropb Regression ParametersC 
GSd a b R
2
' dJ 
1 46 89.8 -3.29 (1.130) 0.45'" 
70 96.3 -1.10 (0.217) 0.73 ......... 
85 100.2 -0.60 (0.073) 0.88 ......... 
2 46 98.7 -4.66 (1.313) 0.56 .... 
70 96.5 -0.74 (0.107) 0.84 ......... 
85 105.8 -0.59 (0.070) 0.89 ......... 
3 70 89.9 -0.83 (0.203) 0.64 ...... 
4 70 89.5 -0.67 (0.134) 0.73 ...... 
• All models significant at P<0.05are presented. 
b High (crop 1) and low (crop 2) input, early crops sown on 17 September 1987. High (crop 3) 
and low (crop 4) input, late crops sown on 3 December 1987. Details of management inputs 
for these crops are in Table 2.1. 
C Regression equations are in the fonn; 
% Yield = a + b(%DS at indicated OS). 
Standard error of regression coefficients (slopes) are in brackets. 
d Decimal growth stage (Zadoks et al., 1974) . 
• , .... , ......... Models significant at P<0.05, 0.01 and 0.001 respectively by F test. 
Table 4.3: Single point models' of yield (gDM/m2) and per cent disease severity (%DS) for 
each barley (cv. Triumph) crop in 1987/88. 
Regression ParametersC 
1 
2 
3 
4 
• 
b 
GSd a 
46 685.5 
70 734.8 
85 764.8 
46 640.9 
70 626.8 
85 687.5 
70 301.9 
70 313.2 
All models significant at P<0.05 are presented. 
See Table 2.1. 
C Regression equations are in the fonn; 
Yield = a + b(%DS at indicated OS). 
b 
-25.1 (8.66) 
-8.4 (1.66) 
-4.6 (0.56) 
-30.2 (8.51) 
-4.8 (0.69) 
-3.9 (0.46) 
-2.8 (0.69) 
-2.3 (0.46) 
Standard error of regression coefficients (slopes) are in brackets. 
d Decimal growth stage (Zadoks et al., 1974) . 
... , •• , ......... Models significant at P<0.05, 0.01 and 0.001 respectively by F test. 
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Figure 4.1: Relationship between A) per cent yield and B) actual yield (gDMlm2) of barley (cv. 
Triumph) and per cent disease severity (%DS) on the top three leaves of the mainstem (derived 
from non-green leaf area measurements) at growth stage 70 in the 1987/88 crops. 
High (crop 1;.) and low (crop 2; A) input, early crops sown on 17 September 1987 and the high 
(crop 3; .) and low (crop 4; 'Y) input, late crops sown on 3 December 1987. 
Regression equations for each crop are in Table 4.2 and Table 4.3. Regression coefficients 
(slopes) for each crop are presented in the figure. 
Slope linear contrast for relationships of %yield and %DS: t value (1.213) was not significant 
(P>0.05; to.05=2.03732df). 
Slope linear contrast for relationships of actual yield and %DS: t value (3.862) was significant 
(P<O.OOI; to.001=3.725 25df). 
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Table 4.4: The best one, two and three variable models or per cent yield and per cent disease 
severity (%DS) ror each barley (cv. Triumph) crop in 1987/88. 
Crop· Regression Parametersb 
GS C GS1 GS3 a bl b1 b3 R1adJ I 
1 S5 100.2 -0.60 (0.073) O.SS ••• 
S5 70 101.2 -0.45 (0.117) -3.74 (0.232) 0.90·" 
S5 70 33 103.1 -0.44 (0.105) -0.36 (0.20S) -10.06 (6.079) 0.92··· 
2 S5 105.S -0.59 (0.070) ·0.S9··· 
S5 32 106.6 -0.56 (0.077) -37.76 (34.480) 0.89··· 
3 70 S9.9 -0.83 (0.203) 0.64·· 
70 34 91.6 -0.78 (0.166) -1.33 (0.577) 0.76·· 
70 34 45 96.6 -0.70 (0.160) -1.17 (0.537) -0.23 (0.152) 0.80·· 
4 70 89.5 -0.67 (0.134) 0.73·· 
70 45 92.0 -0.57 (0.136) -0.33 (0.200) 0.7S·· 
1-4d 70 92.1 -0.77 (0.078) 0.72· .... 
70 45-46 93.6 -0.69 (0.078) -0.26 (0.092) 0.76· .... 
70 45-46 33-34 93.5 -0.67 (0.077) -0.24 (0.091) -0.74 (0.431) 0.77··· 
• See Table 2.1. 
b Regression equations are in the fonn; 
% Yield = a + bl(%DS at indicated GS I) 
% Yield = a + bl(%DS at indicated GS I) + b2(%DS at indicated GSV 
% Yield = a + bl (%DS at indicated GS I) + b2(%DS at indicated GSv + b3(%DS at indicated GS3). 
Standard errors of partial regression coefficients are in brackets. 
C Decimal growth stage (Zadoks et al., 1974). 
d Regression analysis perfonned on data for all crops in 1987/8S. 
••• ••• Models significant at P<O.OI and 0.001 respectively by F test. 
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Table 4.5: The best one, two and three variable models of yield (gDM/mz) and per cent disease severity 
(%DS) for each barley (cv. Triumph) crop in 1987/88. 
Crop· Regression Parametersb 
GSlc GSz GS3 a bl bz b3 R2adJ 
1 85 764.8 -4.6 (0.56) 0.88·** 
85 70 772.6 -3.4 (0.90) -2.9 (1.78) 0.90·** 
85 70 33 786.6 -3.3 (0.81) -2.7 (1.59) -77.0 (46.65) 0.92"'** 
2 85 687.5 -3.9 (0.45) 0.89 "'** 
85 32 692.2 -3.6 (0.50) -244.4 (224.20) 0.89 "'** 
3 70 302.0 -2.8 (0.69) 0.64 "'* 
70 34 307.8 -2.6 (0.55) -4.5 (1.93) 0.77 "'* 
70 34 45 324.6 -2.3 (0.54) -3.9 (1.80) -0.8 (0.51) 0.81 ** 
4 70 313.2 -2.3 (0.46) 0.73 "'* 
70 45 322.2 -2.0 (0.48) -1.2 (0.70) 0.78 "'* 
1-4d 45-46 475.4 -6.7 (1.23) 0.42 "'** 
45-46 70 570.1 -4.8 (1.11) -4.0 (0.94) 0.60·** 
45-46 70 12 576.2 -4.9 (1.09) -4.0 (0.92) -262.0 (170.13) 0.62·** 
• See Table 2.1. 
b Regression equations are in the fonn; 
Yield = a + bl(%DS at indicated OSI) 
Yield = a + bl (%DS at indicated OS I) + b2(%DS at indicated OS2) 
Yield = a + bl(%DS at indicated OSI) + b2(%DS at indicated OSz} + b3(%DS at indicated OS3)' 
Standard errors of partial regression coefficients are in brackets. 
c Decimal growth stage (Zadoks et al., 1974). 
d Regression analysis perfonned on data for all crops in 1987/88. 
**,"* Models significant at P<O.OI and 0.001 respectively by F test. 
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Figure 4.2: Relationship between A) per cent yield and B) actual yield (gDM/m2) or barley (cv. Trlumpb) and area 
under disease progress curve (AUDPC; %.days) In tbe 1987/88 crops. 
Hlgb (crop 1; • ) and low (crop 2; A) Input, early crops sown on 17 September 1987 and tbe blgb (crop 3; • ) and 
low (crop 4; .. ) Input, late crops sown on 3 December 1987. 
Regression equations ror eacb crop, In tbe rorm or % Yield = a + b(AUDPC), were: 
Crop Regression Parameters 
a b (seb) R2.cU 
1 102.6 ·0.027 (0.0030) 0.90··· 
2 102.7 ·0.024 (0.0027) 0.90··· 
3 100.6 ·0.045 (0.0076) 0.79··· 
4 101.3 ·0.034 (0.0049) 0.84··· 
Slope linear contrast: t value (2.703) was significant (P<0.05; to.05=2.045 29df). 
Regression equations ror eacb crop, In the rorm or Yield = a + b(AUDPC), were: 
Crop Regression Parameters 
a b (seb) R2.cU 
1 782.8 ·0.20 (0.023) 0.90··· 
2 666.9 ·o.t5 (0.017) 0.90··· 
3 337.8 ·o.t5 (0.025) 0.79··· 
4 354.6 ·0.12 (0.017) 0.84··· 
Slope linear contrast: t value (2.126) was significant (P<0.05; to.05=2.037 32df). 
••• Models slgnlOcant at P<O.OOI by F test. Regression coernclents (slopes) ror each crop are presented In tbe ngure. 
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4.3.2 Green Leaf Area Index 
More single point models were significant when based on GLAI (Tables 4.6 and 4.7) than 
on %DS (Tables 4.2 and 4.3). In crops 1 to 5, the relationship between GLAI and per cent 
yield was significant (p<0.05 to P<O.OOI) at most growth stages tested. Significant 
(P<0.05 to P<O.01) models were also derived at GS 12 and 22 when disease was not 
present in the early sown crop. Differences in GLAI at GS 12 were probably due to 
random plot variation in seedling emergence or sampling. The growth stage giving the 
best estimation of yield was different in most crops (Tables 4.6 and 4.7). Growth stage 70 
was chosen for the comparison of single point models in each crop because growth stages 
33/34 and 45-48 were too early for the development of most leaf rust epidemics and GS 85 
was close to maturity. Quadratic regression models of yield loss and GLAI at GS 70 for 
crops 1 and 2 had higher R2adj but lower than, or equal, F values (14.9 and 19.8 for crops 1 
and 2 respectively), compared with linear models (F values 22.8 and 20.1 for crops 1 and 2 
respectively; Figures 4.3 and 4.4). Linear models had higher R2adj and F values than 
quadratic models for crops 3 and 4. The response of yield to disease in each crop was 
determined by comparing the slope values of the linear models at GS 70. 
Analysis of slopes by linear contrasts indicated that per cent yield loss was significantly 
greater (p<O.OOI) in low than high yield potential crops in 1987/88 (Figure 4.3), whereas 
yield loss expressed in actual units was the same in all crops (Figure 4.4). Yield loss 
thresholds may have been present in crops 1 and 2. The relationship between yield loss 
and GLAI was calculated for the linear portion of the response. The data point with the 
highest GLAI value in both crops was excluded from the regression analysis. The 
relationship between regression slopes and crop yield potential was not altered when yield 
loss thresholds were accounted for compared with a single linear model fitted to all data 
(Figures 4.3 and 4.4). A significant (P<O.OOI) model of yield and GLAI, measured at 
growth stage 70, was derived for all crops in 1987/88: 
This model could not be used to estimate yield accurately (R2 adj=0.51) in individual crops 
with different yield potentials because other factors (ie. nitrogen and water inputs, sowing 
date) affected yield, in addition to disease. Analysis of slopes by linear contrasts indicated 
that actual yield was the same in all crops in 1988/89 and both years combined (Figure 
4.4). 
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Table 4.6: Single point models· of per cent yield and green leaf area index (GLAI) for each 
barley (cv. Triumph) crop in 1987/88 and 1988/89. 
Cropb Regression ParametersC 
GSd a b R2• dJ 
1 31 9.0 33.2 (9.02) 0.58 ** 
32 -81.0 53.9 (13.52) 0.62 ** 
33 11.5 15.7 (3.90) 0.63 ** 
46 27.2 14.6 (2.59) 0.78 *** 
70 51.6 11.5 (2.46) 0.71 ** 
85 55.1 24.2 (3.32) 0.87 *** 
88 58.7 68.S (13.91) 0.73 ** 
89 61.9 186.8 (55.2S) 0.53 ** 
2 32 -0.5 31.S (S.53) 0.59 ** 
33 -7.1 28.7 (4.28) 0.S3 *** 
46 0.3 38.S (10.41) 0.58 ** 
70 57.7 16.9 (3.79) 0.68 ** 
85 60.S 24.S (3.94) O.SI *** 
88 62.8 109.0 (25.31) 0.67 ** 
3 32 11.0 3S.4 (9.22) 0.64 ** 
34 12.8 2S.4 (5.SS) 0.71 ** 
45 26.9 33.2 (5.36) O.SO *** 
70 37.5 32.2 (5.21) 0.81 *** 
85 56.2 35.6 (15.36) 0.33 * 
4 34 IS.2 28.3 (5.31) 0.76 *** 
45 26.6 2S.9 (5.25) 0.76 *** 
70 38.8 29.8 (7.02) 0.66 ** 
85 54.5 63.9 (24.17) 0.40* 
5 12 -94.7 575.4 (17S.60) 0.62* 
22 -61.8 184.3 (39.26) 0.79 ** 
73 65.0 6.4 (1.84) 0.65 * 
85 69.5 8.5 (1.58) 0.83 ** 
88 77.4 12.5 (4.28) 0.56* 
6 73 53.2 10.2 (3.64) 0.54* 
85 60.5 17.6 (1.96) 0.93 *** 
90 67.1 53.5 (11.00) 0.79 ** 
7 74 74.9 22.0 (6.15) 0.65* 
• All models significant at P<0.05 are presented. 
b High (crop 1) and low (crop 2) input, early crops sown on 17 September 1987. High (crop 3) 
and low (crop 4) input, late crops sown on 3 December 1987. High (crop 5), medium (crop 6) 
and low (crop 7) input crops sown on 20 September 1985. Details of management inputs for 
these crops are in Table 2.1. 
C Regression equations are in the fonn; 
% Yield = a + b(OLAI at indicated OS). 
Standard error of regression coefficients (slopes) are in brackets. 
d Decimal growth stage (Zadoks et al., 1974). 
'" *'" *** Models significant at P<0.05, 0.01 and 0.001 respectively by F test. , , 
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Table 4.7: Single point models' of yield (gDM/m2) and green leaf area Index (GLAI) for 
each barley (cv. Triumph) crop in 1987/88 and 1988/89. 
Cropb Regression ParametersC: 
GSd a b R2adJ 
1 31 66.6 254.1 (68.41) 0.59 ** 
32 -618.5 411.2 (103.12) 0.62 ** 
33 87.1 120.0 (29.70) 0.63 ** 
46 205.7 111.9 (19.45) 0.78 *** 
70 392.9 88.4 (18.53) 0.71 ** 
85 419.8 185.5 (24.09) 0.87 *** 
88 447.4 526.0 (105.20) 0.73 ** 
89 471.6 1427.6 (421.00) 0.53 ** 
2 32 4.8 207.7 (55.71) 0.59 ** 
33 49.2 187.7 (27.69) 0.83 *** 
46 1.4 252.1 (68.29) 0.58 ** 
70 374.1 110.6 (24.64) 0.68 ** 
85 394.7 161.8 (25.91) 0.81 *** 
88 407.7 713.1 (164.03) 0.67 ** 
3 32 36.4 129.3 (31.38) 0.64*'" 
34 41.7 96.0 (19.84) 0.71 ** 
45 89.7 111.9 (18.21) 0.80 *** 
70 125.1 108.8 (17.38) 0.81 *** 
85 188.2 119.9 (51.94) 0.33 ** 
4 34 64.3 99.0 (18.45) 0.76 *** 
45 94.0 100.6 (18.44) 0.76 *** 
70 136.8 103.7 (24.71) 0.66 ** 
85 191.3 222.9 (84.40) 0.40 * 
5 12 -782.6 4694.0 (1442.43) 0.62 * 
22 -516.4 1506.2 (312.51) 0.79 ** 
73 520.1 51.9 (14.83) 0.65 ... 
85 556.9 69.3 (12.72) 0.83 ** 
88 621.5 102.0 (34.71) 0.56 * 
6 73 370.5 71.3 (25.36) 0.54 * 
85 421.0 122.4 (13.64) 0.93 * ... * 
90 467.3 372.9 (76.64) 0.79 ** 
7 74 242.4 70.2 (20.27) 0.65 ... 
• All models significant at P<0.05 are presented. 
b See Table 2.1. 
c: Regression equations are in the fonn; 
Yield = a + b(OLAI at indicated OS). 
Standard error of regression coefficients (slopes) are in brackets. 
d Decimal growth stage (Zadoks et ai., 1974). 
* ... * *** Models significant at P<0.05, 0.01 and 0.001 respectively by F test. , , 
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Figure 4.3: Relationship between per cent yield of barley (cv. Triumph) and green leaf area Index (GLAI) at 
growth stage 70 In the 1987/88 crops. 
High (crop 1; • ) and low (crop 2; A ) Input, early crops sown on 17 September 1987 and the high (crop 3; • ) and 
low (crop 4; ... ) Input, late crops sown on 3 December 1987. 
Regression equations for each crop, In the form of % Yield = a + b(GLAI) or % Yield = a + b(GLAI) + b1(GLAI)J 
(crop 1,- - - ; crop 2, •••••• ) were: 
Crop Regression Parameters 
a b (seb) b1 (sebl) RJ • .q 
1 51.6 U.S (2.46) 0.71·· 
36.0 31.9 (12.42) -3.9 (2.36) 0.76·· 
(Threshold) 48.5 14.4 (3.50) 0.67·· 
2 57.7 16.9 (3.79) 0.68·· 
42.5 49.7 (12.95) ·10.3 (3.97) 0.81·· 
(Threshold) 52.2 25.0 (4.74) 0.77·· 
3 37.5 32.2 (5.21) 0.81··· 
4 38.8 29.8 (7.02) 0.66·· 
•• , ••• Models slgnlrlcant at P<O.OI and 0.001 respectively by F test. Regression coernclents (slopes) for each crop 
are presented In the figure. 
Slope linear contrasts: t values for crops In: 
1987/88 (4.738) significant (P<O.OOI; to.001= 3.62132df) 
1988/89 (1.580) not significant (P>0.05; to.05= 2.13115df) 
both years (3.586) significant (P<O.OI; to.01= 2.685 47df). 
Slope linear contrasts (allowing for thresholds): t values for crops In: 
1987/88 (2.576) significant (P<0.05; to.05= 2.042 30df) 
both years (3.293) significant (P<O.OI; to.01= 2.690 4Sdf). 
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Figure 4.4: Relationship between actual yield (gDM/m2) of barley (cv. Triumph) and green leaf area Index (GLAI) at 
growth stage 70 In the 1987/88 crops. 
High (crop 1; • ) and low (crop 2; A) Input, early crops sown on 17 September 1987 and the high (crop 3; • ) and 
low (crop 4; ~ ) Input, late crops sown on 3 December 1987. 
Regression equations for each crop, In the form of Yield = a + b(GLAI) or Yield = a + b(GLAI) + b1(GLAI)2 (crop 1, --- j crop 2, ..... ), were: 
Crop Regression Parameters 
a b (seb) bl (sebl) R2.cU 
1 392.9 88.4 (18.53) 0.71·· 
275.0 242.4 (93.54) -29.6 (17.74) 0.76·· 
(Threshold) 369.3 110.3 (26.35) 0.67·· 
2 374.1 110.6 (24.64) 0.68·· 
277.5 320.0 (85.74) -65.8 (26.25) 0.81·· 
(Threshold) 339.4 161.6 (31.31) 0.77·· 
3 125.1 108.8 (17.38) 0.81··· 
4 136.8 103.7 (24.71) 0.66·· 
•• , ••• Models significant at P<O.OI and 0.001 respectively by F test. Regression coefftclents (slopes) for each crop 
are presented In the ngure. 
Slope linear contrasts: t values for crops In: 
1987/88 (0.541) not slgnlncant (P>0.05j to.os= 2.064 24dO 
1988189 (0.503) not slgnlOcant (P>0.05j to.os= 2.17912dO 
both years (0.959) not slgnlOcant (P>0.05j 'o.os= 2.030 35dO. 
Slope linear contrasts (allowing for thresholds): t values for crops In: 
1987/88 (0.916) not slgnlOcant (P>0.05j to.os= 2.064 24dO 
both years (1.126) not slgnlOcant (P>0.05j to.os= 2.030 35dO. 
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Inclusion of a second and third GLAI variable did not increase markedly the accuracy of 
per cent or actual yield loss estimation in individual crops (Tables 4.8 and 4.9). Multiple 
point models with the highest R2 adj and F values occurred at different growth stages in 
most crops. Some models were developed at growth stages when disease was not present 
(eg. GS 12 and 22). Multiple point models for all plots in 1987/88 and 1988/89 explained 
more variation in yield loss when expressed in actual (Table 4.9) compared with per cent 
units (Table 4.8). Multiple point models based on GLAI for all crops also explained more 
variation in actual yield loss (R2 adrO.93) than models derived from %DS (R2 adj=O.62; 
Table 4.5). 
Regression models of AUGLAIC and per cent or actual yield loss were significant 
(P<O.OOI) in each crop in 1987/88 (Figure 4.5a and b). The AUGLAIC models increased 
the proportion of variation in per cent or actual yield loss explained in individual crops 
compared with SP models based on %DS (Tables 4.2 and 4.3) and GLAI (Tables 4.6 and 
4.7) and AUDPC models (Figure 4.2a and b). The AUGLAIC models did not increase the 
proportion of variation in yield loss explained in individual crops compared with MP 
models based on %DS (Tables 4.4 and 4.5) and GLAI (Tables 4.8 and 4.9). Per cent yield 
loss, per unit of AUGLAIC, was greater (P<O.OOI) in the low than high yield potential 
crops in 1987/88 (Figure 4.5a). The slope values for the 1987/88 crops were different, 
therefore these values were not compared with those of the 1988/89 crops. The 
AUGLAIC:% yield loss relationships and slope linear contrasts for the 1988/89 crops are 
presented in Appendix VITI. Actual yield loss, per unit of AUGLAIC, was not 
significantly affected by crop yield potential in 1987/88 (Figure 4.5b). The significant 
(P<O.OOI) model of AUGLAIC:yield derived from all crops in 1987/88 was: 
Yield(gDM/m2) = 38.7 + 3.27 AUGLAIC(m2/m2.days) se(.,)=O.137 R2 adj=O.94 .. .4.4 
The high R2 adj value (R2 adj=0.94) indicated that AUGLAIC could be used to estimate yield 
accurately in many crops both in the absence and presence of disease. This model had 
R2 adj and F values considerably higher than the %DS:per cent yield model (Figure 4.1a). 
The model of yield and AUGLAIC derived for all crops in 1987/88 (Equation 4.4) was 
evaluated with data not used in model derivation. Area under green leaf area index curve 
data for the three crops in 1988/89 were used as input variables in equation 4.4. Yield 
estimated by the model was plotted against observed yield (Figure 4.6). A t-test (Steel and 
Torrie, 1980) was used to test whether the regression parameters of intercept and slope 
were equal to ° and 1 respectively. The intercept (51.2) and slope (0.86) values were not 
significantly different from ° and 1 respectively. Hence, the AUGLAIC:yield model for 
1987/88 was validated by the 1988/89 data. 
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Table 4.8: The best one, two and three variable models of per cent yield and green leaf area index 
(GLAI) for each barley (cv. Triumph) crop in 1987/88 and 1988/89. 
Crop· Regression Parametersb 
GSlc GSz GS3 a bl bz b3 RZadJ 
1 85 55.1 24.2 (3.22) 0.87 ....... 
85 33 38.9 19.0 (4.47) 5.2 (3.32) 0.89 ......... 
85 33 70 36.9 36.3 (7.93) 7.4 (2.72) -10.6 (4.40) 0.93 ....... 
2 33 -7.1 28.7 (4.28) 0.83 ......... 
33 85 19.5 16.7 (4.53) 13.4 (3.96) 0.93 ......... 
33 85 31 0.7 10.2 (2.03) 15.7 (1.57) 15.7 (2.47) 0.99 ......... 
3 70 37.5 32.2 (5.21) 0.81 ......... 
70 32 23.1 23.2 (6.01) 16.0 (4.99) 0.85 ...... 
4 45 26.6 28.9 (5.25) 0.76 ......... 
45 34 20.4 16.1 (11.08) 14.2 (10.95) 0.78 ......... 
45 34 70 21.3 3.2 (13.57) 17.0 (10.34) 13.8 (9.45) 0.81 ...... 
5 85 69.5 8.5 (1.58) 0.83 ...... 
6 85 60.5 17.6 (1.96) 0.93 ......... 
85 90 57.5 26.7 (7.52) -30.5 (24.45) 0.94 ......... 
85 90 33 33.8 28.9 (7.13) -37.0 (23.16) 5.3 (4.09) 0.95 *"'* 
7 74 74.9 22.0 (6.15) 0.65 • 
74 32 52.7 20.1 (5.74) 14.1 (9.80) 0.70· 
1-4d 85 57.4 26.3 (3.41) 0.60· ... • 
85 31 41.7 19.6 (3.91) 11.0 (3.83) 0.66· ... • 
85 31 70 37.3 7.8 (6.99) 11.4 (3.69) 7.7 (3.84) 0.69 *"'* 
5-7e 85/87 76.9 6.2 (2.03) 0.30 ...... 
85/87 22 142.3 12.1 (1.72) -99.5 (18.91) 0.71· ... • 
85/87 22 12 108.5 11.8 (1.66) -116.2 (20.96) 154.8 (98.64) 0.73· ... • 
1-7' 85 64.3 14.5 (2.16) 0.42 ...... • 
85 31 51.6 10.7 (2.64) 7.9 (3.41) 0.46· ... • 
85 31 88-90 51.5 16.2 (4.70) 7.4 (3.40) -14.6 (10.48) 0.47·"'· 
• See Table 2.1. 
b Regression equations are in the fonn; 
% Yield = a + b1(OLAI at indicated OSI) 
% Yield = a + b1 (OLAI at indicated OSI) + b2(OLAI at indicated OS~ 
% Yield = a + b1(OLAI at indicated OSI) + b2(OLAI at indicated OS~ + b3(OLAI at indicated OS3)' 
Standard errors of partial regression coefficients are in brackets. 
c Decimal growth stage (Zadoks et al., 1974). 
d Regression analysis perfonned on data for all crops in 1987/88, e 1988/89 and' in both 1987/88 and 1988/89. 
... ...... ... ...... Models significant at P<0.05, 0.01 and 0.001 respectively by F test. , , 
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Table 4.9: The best one, two and three variable models of yield (gDMlmz) and green leaf area index 
(GLAI) for each barley (cv. Triumph) crop in 1987/88 and 1988/89. 
Crop· Regression Parametersb 
GSlc GSz GS3 a bl bz b3 RZadJ 
1 85 419.8 185.5 (24.09) 0.87 ......... 
85 33 297.4 146.1 (33.30) 39.0 (24.69) 0.89 ......... 
85 33 70 282.0 274.7 (58.91) 56.0 (20.21) -79.1 (32.66) 0.93 ......... 
2 33 -49.2 187.7 (27.69) 0.83 ......... 
33 85 122.2 110.2 (29.54) 86.4 (25.79) 0.93 ......... 
33 85 31 -0.7 67.8 (13.20) 101.4 (10.24) 102.6 (16.06) 0.99 ......... 
3 70 125.1 108.8 (17.38) 0.81 ......... 
70 32 78.0 79.5 (23.13) 52.5 (30.38) 0.85 ......... 
4 45 94.0 100.6 (18.44) 0.76 ......... 
45 34 71.7 54.7 (38.71) 50.9 (38.24) 0.78 ......... 
45 34 70 74.8 10.3 (47.63) 60.6 (36.31) 47.4 (33.16) 0.81 ...... 
5 85 556.9 69.3 (12.72) 0.83 ...... 
6 85 421.0 122.4 (13.64) 0.93 ......... 
85 90 400.5 185.7 (52.35) -212.4 (170.31) 0.94 ......... 
85 90 33 235.0 200.9 (49.65) -261.0 (161.31) 37.2 (28.49) 0.95 ......... 
7 74 242.4 70.2 (20.27) 0.65 ... 
74 32 170.6 64.1 (19.06) 45.6 (32.56) 0.70'" 
1-4d 33/34 -1.5 147.2 (10.14) 0.84 ....... 
33/34 85 43.6 115.2 (12.63) 88.5 (24.91) 0.88 ......... 
33/34 85 32 3.9 47.9 (17.13) 96.7 (19.74) 105.6 (21.86) 0.93 ......... 
5-7e 73n4 284.8 106.0 (12.24) 0.79 ......... 
73n4 33 101.7 64.0 (15.00) 73.7 (20.33) 0.87 ....... 
73n4 33 85/87 92.3 -8.5 (24.07) 90.9 (16.78) 95.0 (27.50) 0.92 ......... 
1-7' 33/34 7.5 140.1 (8.15) 0.83 ......... 
33/34 85 66.3 103.1 (8.81) 79.9 (13.07) 0.90 ......... 
33/34 85 12 417.8 82.1 (8.20) 97.1 (11.17) -1003.5 (185.30) 0.93 ....... 
• See Table 2.1. 
b Regression equations are in the fonn; 
Yield = a + bl(OLAI at indicated OSI) 
Yield = a + bl(OLAI at indicated OSI) + b2(OLAI at indicated OSz} 
Yield = a + bl (OLAI at indicated OSI) + b2(OLAI at indicated OS2) + b3(OLAI at indicated OS3)' 
Standard errors of partial regression coefficients are in brackets. 
c Decimal growth stage (Zadoks et al., 1974). 
d Regression analysis perfonned on data for all crops in 1987/88, e 1988/89 and' in both 1987/88 and 1988/89. 
... ...... ... ...... Models significant at P<0.05, 0.01 and 0.001 respectively by F test. , , 
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Figure 4.5: Relationship between A) per cent yield and B) yield (gDM/m2) of barley (cv. Triumph) and area under 
green leaf area Index curve (AUGLAIC; m2/m2.days) In the 1987/88 crops. 
High (crop 1; .) and low (crop 2; ... ) Input, early crops sown on 17 September 1987 and the high (crop 3j .) and 
low (crop 4j ~) Input, late crops sown on 3 December 1987. 
Regression equations for each crop, In the form of % Yield = a + b(AUGLAIC), were: 
Crop Regression Parameters 
a b (se.,) R2.cU 
1 lO.6 0.333 (0.0479) 0.84··· 
2 9.0 0.5ll (0.0501) 0.92··· 
3 17.6 0.742 (0.1120) 0.83 ••• 
4 14.2 0.836 (0.1164) 0.85··· 
Slope linear contrast: t value (-4.658) was slgnlftcant (P<0.OOljtO•OO1=3.646 32df). 
Regression equations for each crop, In the form of Yield = a + b(AUGLAIC), were: 
Crop Regression Parameters 
a b (seb) R2.d.J 
1 157.1 2.54 (0.366) 0.84··· 
2 58.3 3.32 (0.325) 0.92··· 
3 59.2 2.49 (0.376) 0.83··· 
4 49.9 2.93 (0.407) 0.85··· 
Slope linear contrast: t value (0.273) was not significant (P>0.05j '0.05=2.069 23df). 
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Figure 4.6: Model estimation of grain yield (gDM/m2) compared with actual values 
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observed in the high (crop 5; 0), medium (crop 6; fj.) and low (crop 7; D) input crops in 
1988/89. The 1988/89 AUGLAIC (m2/m2.days) values were used as input data in the 1987/88 
AUGLAIC:yield regression model (Equation 4.4). 
The dotted line in the figure represents the 1:1 relation. The solid line, which represents the 
relationship between estimated and actual yield, was: 
Estimated yield = -5.9 + 1.06 (actual yield) se(b) = 0.077 R2adJ = 0.90. 
Model significant at P<O.OOI by F test. 
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Figure 4.7: Relationship between yield (gDM/m2) of barley (cv. Triumph) and area under green leaf area Index curve 
(AUGLAIC; m2/m2.days) In the 1987/88 and 1988189 crops. . 
High (crop 1; .) and low (crop 2; ... ) Input, early crops sown on 17 September 1987, high (crop 3; .) and low 
(crop 4; ~ ) Input, late crops sown on 3 December 1987 and high (crop 5; 0), medium (crop 6; 6.) and low 
(crop 7; 0 ) Input crops sown on 20 September 1988. 
Regression equations for each crop, In the form of Yield = a + b(AUGLAIC), were: 
Crop Regression Parameters 
a b (seb) 
1 157.1 2.54 (0.366) 
2 58.3 3.32 (0.325) 
3 59.2 2.49 (0.376) 
4 49.9 2.93 (0.407) 
5 345.4 1.69 (0.369) 
6 29.5 3.03 (l.OIS) 
7 109.3 2.26 (0.610) 
0.84 '" 
0.92'" 
0.83'" 
0.85 '" 
0.77 " 
0.57' 
0.68' 
" ", '" Models significant at P<0.05, 0.01 and 0.001 respectively by F test. Regression coefnclents (slopes) for each 
crop are presented In the ngure. 
Slope linear contrasts: t values for crops In: 
1988/89 (0.205) not slgnlncant (P>0.05; to.os= 2.17912df) 
both years (0.290) not significant (P>0.05; to.os= 2.032 34df). 
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Actual yield loss caused by leaf rust, per unit of AUGLAIC, was not significantly affected 
by crop yield potential over the range tested (323 to 806g/m2) (Figure 4.7). A signific~ant 
(P<O.OOI) single equation was fitted to the 1987/88 and 1988/89 data: 
The amount of variation in yield explained by the AUGLAIC:yield model (Equation 4.5) 
for both years (R2 adj=O.93) was similar to the model for the 1987/88 data (R2 adj=0.94). 
Analysis of slopes by linear contrasts indicated that actual yield was the same in all crops 
for 1988/89 and both years combined (Figure 4.7). When the data for both years were 
combined (Figure 4.7) there was some evidence that yield response was reduced at very 
high levels of AUGLAIC. However, there was insufficient data at AUGLAIC values 
greater than 23Om2/m2.days to determine whether a curvilinear relationship existed. 
4.4 DISCUSSION 
Disease:yield loss models should be derived from experiments which cover the full range 
of yield and disease severities expected in that location (Shane and Teng, 1987). The 
range in yield potential levels generated in these experiments was large (323 to 
806gDM/m2) and similar to the range expected within and between years in Canterbury 
(B.McCloy pers. comm.). In other studies of yield sensitivity the range in crop yield 
potential has been small (King and Polley, 1976,3.1 to 4.8tDM/ha; Daamen, 1989,6 to 
7.5tDM/ha). The database collected in this study waS extensive and provides the basis for 
making valid inferences about the response of yield loss to disease in crops of different 
yield potential. 
Regression slopes of disease:yield loss models were affected by the way in which yield 
loss was expressed, by the choice of model type and the method of disease measurement. 
4.4.1 Expression of Yield Loss 
Expression of yield loss in either proportional or actual units had a large effect on 
regression slope values when estimated in crops of different yield potential. In 
proportional loss models it is assumed that per cent yield loss (ie. regression slope value) is 
similar in all crops (Gaunt and Robertson, 1989). These models imply that actual yield 
loss is greater in crops of high than low yield potential. The assumptions of proportional 
loss models were found to be invalid in 3 of 4 cases studied. Per cent yield loss was 
greater in the low than the high yield potential crops (AUDPC:%yield, Figure 4.2a; GLAI 
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at GS 70:%yield, Figure 4.3; AUGLAIC:%yield Figure 4.5a). In actual loss models it is 
assumed that actual yield loss is similar in all crops (Gaunt and Robertson~ 1989) .. ActUal 
yield loss of crops was similar in 2 (GLAI at GS 70:yield, Figure 4.4; AUGLAIC:yield, 
Figures 4.5b and 4.7) of 4 models tested. In the %DS at GS 70:yield and AUDPC:yield 
models, actual yield loss was greater in the high compared with low yield potential crops 
(Figures 4.1 b and 4.2b). 
A single disease:per cent yield loss model based on AUDPC, GLAI or AUGLAIC could 
not be derived for use in all yield potential crops. This was because the response of yield 
loss to disease was different for each crop. Use of most proportional loss models derived 
in this study will lead to inaccurate estimates of yield loss when applied in situations where 
the range in crop yield potential is large. Many authors have criticised the use of 
proportional loss models (Reddy et al., 1979; MacKenzie and King, 1980; Teng and 
Oshima, 1983; Rotem et al., 1983a; Pace and MacKenzie, 1987). Proportional loss models 
could be used where the range in yield potential is small (eg. crops 3 and 4) and crops have 
similar yield component development (Gaunt, 1987a). 
Rotem et al. (1983a) suggested that the study of yield or crop losses cannot be separated 
from the study of yield potentials as influenced by environmental and cultural factors. 
Actual yield measures crop yield potential in the absence of disease and the response of 
these crops to disease constraints. In experiments which defme the response of yield to 
disease in crops of different yield potential, yield loss should be expressed in actual units. 
4.4.2 Model Types 
Regression slope values for the four yield potential crops in 1987/88 were not affected by 
model type, except when per cent yield loss models were based on %DS measurements. 
In this study, disease epidemics developed early in crop growth and were severe for much 
of the season, causing large differences in %DS and GLAI for the treatments in each crop. 
As a result a large number of significant single point (SP) models were derived. These 
models are not causal but simply indicate specific points in time when there is a good 
statistical relationship with yield loss. For example, models with the highest R2 adj and F 
values were identified at different growth stages and often when disease was not present 
(GS 12 and 33 in crop 5) or at very low severities (GS 31 in crop 1). Problems oflack of 
model specificity have been found for early epidemics in cereal crops (Teng, 1978; Lipps 
and Madden, 1989; Gaunt and Cole, 1991) and may be due to the assumptions inherent in 
SP models. In SP models it is assumed that the infection rate between epidemics is 
constant and the shape of the progress curve is unimportant in determining yield loss 
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(James,1974). Both assumptions are simplistic. Infection rates are known to vary in the 
field (Hau, 1990) and disease progression is important in determining yield loss, 
particularily in long-duration epidemics (ie. the present study; Lim and Gaunt, 1986a). 
Single point models were therefore not suitable f-or determining the effect of crop yield 
potential on yield loss. Single point models are suited to estimating losses caused by 
short-duration epidemics with stable infection rates, and which occur relatively late in crop 
growth (James, 1974). 
In this study, inclusion of a second or third disease variable did not markedly improve the 
estimation of yield loss in each crop. Multiple point models also identified growth stages 
at which disease was not present or at low severities. In addition, comparison of slope 
values for each multiple point model was not possible because of the difference in GS 
chosen for individual crops. Multiple point models were therefore not suitable for 
determining the effect of yield potential on the relationship between disease and yield loss. 
Area under curve (AUC) models explained a greater proportion of variation in yield than 
single point or multiple point models. This was because the AUC models combine the 
effects of disease intensity and epidemic duration into one variable. Area under curve 
models are more useful than single point or multiple point models for distinguishing 
between epidemics with the same %DS or GLA at one sampling date, but with different 
progress curves (Teng, 1987). Other researchers have reported that cereal yield loss can be 
accurately estimated using AUC models based on measurements of %DS (Scott and 
Griffiths, 1980; Brown, 1988; Lipps and Madden, 1989) and GLA (Carver and Griffiths, 
1981, 1982; Rotem et al., 1983a,b). The effect of yield potential on the disease:yield loss 
relationship may be best determined using the AUC model, because the effects of disease 
are summarised for the whole season. 
One disadvantage of AUe models is when two epidemics have the same AUC but 
different effects on yield, due to differences in the onset of disease epidemics (James, 
1974), the time when epidemics become severe (Rouse, 1988; Chaube and Singh, 1991) or 
the epidemic duration (Lim, 1982). For example, Teng (1978) and Wright (1987) found 
that AUe models explained less variation in barley yield than single or mUltiple point 
models. In all three model types it is assumed that the disease measurement variable 
accurately represents the effect of the pathogen on plant growth and yield. This may not 
be true for the measurements used by Teng (1978) and Wright (1987). The choice of 
disease measurement and its effect on the relationship between disease and yield loss in 
crops of different yield potential is examined below. 
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4.4.3 Measurement of Disease 
Measurement of disease affected regression slope values for the 4 crops in 1987/88 when 
disease was measured as %DS but not when measured as GLAI. A single model of actual 
yield loss and %DS could not be derived for use in all crops. The response between crop 
yield potential, disease and yield loss can not be defined using models based on disease 
severity because they do not account for yield potential. 
Per cent disease severity represents the proportion of leaf area covered with the pathogen 
or disease. Arithmetic means of disease severity, estimated from leaves of different size, 
will either underestimate or overestimate the actual disease severity (Lim and Gaunt, 
1981). Early epidemics may have a secondary effect on subsequent leaf area which may 
be larger than the direct effect of disease itself at the later stage. For example, Lim and 
Gaunt (1981) showed that an early epidemic of powdery mildew in barley influenced the 
final size of leaves that subsequently emerged on infected plants, even though disease was 
no longer present in the crop. Early epidemics may accentuate the problems of unequal 
leaf sizes in disease severity measurements. 
Measurement of %DS on the top few leaves of the mainstem may cause inaccurate 
estimates of disease intensity in a crop. Restriction of %DS to the top few leaves will not 
account for the effects of disease present on the bottom leaves. Gaunt et al. (1986) found 
that rapid growth of autumn-sown wheat in spring resulted in disease being present only on 
the lower leaves which were not included in the assessment. In autumn sown crops, 
disease severity should be measured on all mains tern leaves in spring to ensure that the 
effect of disease on lower leaves is included. 
Disease measurements on a percentage severity basis also ignore yield potential and plant 
size (Lim and Gaunt, 1981; Teng and Shane, 1984). These measurements do not indicate 
the loss of healthy foliage and the effects of this loss later in crop growth. The loss of 
green leaf area may directly limit the supply of assimilate, or indirectly influence plant 
growth in such a way that yield potential is constrained at a later stage. Many researchers 
have found that yield loss models based on disease severity can not be used to estimate 
actual yield loss in crops which have different yield potentials (eg. King and Polley, 1976; 
Priestley and Bayles, 1982; King et al., 1983; Khan, 1989; Leath and Bowen, 1989; Lipps 
and Madden, 1989). 
Measurements of green leaf area in diseased plants accounted for leaf and plant size by 
allowing for pathogen-induced chlorosis of leaves, reduced leaf area, induced leaf 
senescence and reduced tiller production (see section 3.2). Green leaf area index 
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measurements also overcame the problems often associated with %DS assessments by 
accounting for the effects of disease distribution on unequal-sized leaves at different 
positions on the plant, on leaf emergence rate and maximum leaf size (Gaunt, 1980; Gaunt 
et al., 1986). Green leaf area index based models could describe not only the effects of 
disease on plant growth but also other factors which affect growth such as reduced water 
and nutrient uptake, and sowing date. Green leaf area index accounted for yield potential 
in this experimentation when measured over the whole season (Figure 4.5b) but not at a 
single growth stage (Figure 4.4). Single point models based on GLAI, summarise the 
effect of disease up to the time of measurement, but do not indicate how GLAI may change 
later in the season (see section 4.4.2). 
Green leaf area is a variable commonly used by crop physiologists and agronomists as a 
basis for describing and explaining differences in potential growth with different 
treatments and it is often correlated with yield (Gaunt, 1980). Legg et al. (1979) reported 
that drought stress in barley markedly reduced maximum GLAI, green area duration and 
resulted in yield being half that of the fully watered crop. Treatments such as drought 
(Legg et al., 1979; Lawlor et al., 1981), high temperatures (Ford and Thome, 1975), 
nutrient deficiencies (Garcia et al., 1988) and low radiation intensity (Kasim and Dennett, 
1986) reduce green leaf area in a manner similar to foliar disease. 
The total effect of disease is not fully described by GLAI because it does not represent all 
of the photosynthetically active tissue and takes no account of other effects of the pathogen 
ie. reduced photosynthetic rate or metabolic activity of the pathogen (Boote et al., 1983). 
Green leaf area index does, however, summarise many of the physiological effects of 
disease on plant growth in crops with different potential yield. 
4.4.4 Effect of Yield Potential 
The influence of yield potential on the relationships between disease intensity and yield 
loss was determined by comparing the regression slope values of the AUGLAIC:actual 
yield models. These variables were selected because AUGLAIC summarises the effect of 
disease on plant growth over the season and actual yield represents the crop yield potential 
in the absence of disease and the response of actual yield to disease constraints. 
Yield loss to leaf rust infection, per unit of AUGLAIC, was not affected by crop yield 
potential within the range tested (323-806gDM/m2). Little information is available in the 
literature for direct comparison with this study, usually because the basis for comparison is 
different. 
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Rotem et al. (1983a) examined yield loss of potatoes to late blight in crops grown in 
different seasons and sowing dates. Actual yield loss (g/plant) was related to meanGLA 
per day from tuber initiation to harvest. Using these variables, yield loss was affected by 
crop yield potential, though no statistical comparison of slopes was made. Measurement 
of disease as mean GLA per day may not include the effects of different epidemic timing 
and severities. Two crops may have similar mean GLA per day but yields may be 
different due to differences in green area expansion relative to yield fonnation. In Rotem's 
data, two crops sown in spring 1977 and 1978 both had low disease severities and similar 
mean GLA per day but yields were lower in 1977, presumably due to differences in 
climatic or edaphic conditions. Mean GLA per day may not represent the true extent of the 
effect of disease on host growth and did not account for differences caused by variation in 
climate. 
Carver and Griffiths (1982) compared actual yield loss of mainstems and tillers of barley 
infected with powdery mildew. They concluded that tillers were more sensitive to disease 
than mainstems as yield loss, per unit of area under green leaf area curve (AUGLAC), was 
higher. Green leaf area was expressed as the AUGLAC up to anthesis. This excludes 
post-anthesis leaf area development. Post-anthesis senescence in mainstems was similar, 
but differences in leaf area development for tillers was large (Figure 2 of Carver and 
Griffiths, 1982). 
In experiments which define the response of yield loss to disease in crops of different yield 
potential, care must be taken to ensure that the disease measurement describes the full 
effect of the pathogen on the host during all stages of growth. The use of inappropriate 
disease measurements can limit or result in incorrect interpretations of the data. 
Disease yield:loss models should be validated with independant data for crops grown 
outside of the range of conditions from which they are initially developed. The AUGLAIC 
variable provided a good basis for describing the effects of disease and other constraints on 
crop growth and explained 93% of the variation in yield (Equation 4.5). This model was 
compared with yield data (Figure 4.8) for leaf rust (Lim, 1982; New Zealand) and powdery 
mildew (Jenkyn, 1976; United Kingdom) infected barley, and barley crops sown at six 
different dates and grown with no disease constraint~ in New Zealand (G. Whelan, 1992). 
Experimental details for these barley crops are given in Appendix IX. _The D.1odeLcoJll~Qe_ 
. late spnng and mld swnmeil 
used to describe the effects of leaf rust and powdery mildew but did not fit the'data of G. 
Whelan (1992). The AUGLAIC:yield model overestimated grain yield by 49 to 108%. 
Green leaf area index is not the sole determinant of crop growth. Green leaf area index is a 
measure of photosynthetic leaf area, however, dry matter production is determined by the 
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Figure 4.8: Relationship between yield (gDMlm2) of barley and area under green leaf area 
index curve (AUGLAIC; m2/m2.days) in the 1987/88, 1988/89 crops and independent data of 
Jenkyn (1976) ~ ,Lim (1982) 'Ie and G. Whelan (1992) ( * crops sown in a mid-winter; b 
early-spring; \: late-spring; and d mid-summer). 
High (crop 1; • ) and low (crop 2; A) input, early crops sown on 17 September 1987, high 
(crop 3; • ) and low (crop 4; ~) input, late crops sown on 3 December 1987 and high 
(crop 5; 0 ), medium (crop 6; b.) and low (crop 7; 0 ) input crops sown on 20 September 
1988. 
Regression equation for all crops in 1987/88 and 1988/89 (solid line) was Equation 4.5 
(section 4.3.2). 
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radiation intercepted by these leaves (Gallagher and Biscoe, 1978b). In Chapter 6, the 
seasonal accumulation of photosynthetically active radiation intercepted by green leaves is 
reported to see if radiation interception could account for the differences observed in 
Figure 4.8. 
Measurement of GLAI is appropriate for this and other physiological studies of yield loss 
(Lim 1982; Thomson and Gaunt, 1986; Wright 1987) because of the better understanding 
of disease:yield relationships, but collection of data is too time-consuming and labour 
intensive for regional crop loss assessment. In Chapter 5, spectral reflectance will be 
examined as an alternative technique for measuring GLAI. 
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CHAPTERS 
CANOPY REFLECTANCE 
5.1 INTRODUCTION 
Investigations of the effect of disease on plant growth and yield have commonly been 
diseased based, with disease measured as severity. In the present study green leaf area 
index (GLAI) was found to be a better measurement for describing the effects of the 
pathogen on potential host growth than per cent disease severity (Chapter 4). A model of 
area under green leaf area index curve (AUGLAIC) and yield was derived which 
accounted for both the yield potential of the seven barley crops investigated and the effects 
of a wide range of leaf rust epidemic severities (Chapter 4; Equation 4.5). However, direct 
measurement of GLAI is time-consuming and labour intensive (Asrar et al., 1984; Redelfs 
et al., 1987) and subject to observer bias and error if based on standard area diagrams 
(Berger, 1980; Forbes and Jeger, 1987). Assessment of GLAI is destructive and does not 
include other green tissue on the plant (eg. ears and stems) which contribute to 
photosynthesis (Biscoe et al., 1975). Assessment ofGLAI is not suitable for estimation of 
regional crop loss because of the requirement for a rapid and low cost method. Remote-
sensing techniques such as near-infrared radiation (NIR) reflectance are rapid, non-
destructive, objective and precise (section 1.3.2.3; Redelfs et al., 1987; Nutter et al., 1990). 
Measurement of NIR reflectance may provide an alternative to direct measurement of 
GLAI in disease:yield loss studies involving a wide range of yield potential crops (Nutter 
and Cunfer, 1988). If reflectance is correlated with GLAI then reflectance measurements 
could be useful for estimation of yield or yield loss and may provide an alternative model 
to the AUGLAIC:yield model derived in Chapter 4. 
Healthy leaves characteristically have high reflectance of near-infrared (NIR) solar 
radiation (700-1300nm; Hobbs, 1990) because of internal cellular structure (Knipling, 
1970; Gausman, 1974). About half of the incident NIR radiation is absorbed or 
transmitted by the leaves and the remainder is reflected or refracted upwards (Jackson, 
1986). The reflectance of crop canopies is more complex than that of single leaves. In 
canopies with many leaf layers, radiation transmitted through the canopy is partially 
reflected by each successive leaf layer which increases reflectance of radiation by up to 
85% (Thomas et al., 1987). In addition, the arrangement of leaves, the proportion of soil 
covered, the illumination conditions, as well as a range of other factors have an influence 
on the NIR reflectance from crop canopies (Jackson, 1986; Hatfield, 1990). Crop 
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reflectance of NIR has been shown to be strongly correlated with GLA or green biomass in 
healthy crops of wheat (Daughtry et al., 1980; Ahlrichs and Bauer, 1983), com (Kimes et 
al., 1981; Walburg et al., 1982), soybean (Holben et al., 1980; Redelfs et al., 1987) and 
grassland species (Curran and Williamson, 1987; Lorenzen and Jensen, 1988). 
Diseased leaves reflect less NIR than healthy leaves (Jackson, 1986) because infection of 
the mesophyll cells by fungal hyphae changes the proportion of radiation transmitted and 
reflected from the canopy (Colwell, 1956). In addition, infection of mesophyll cells by 
fungal hyphae results in the death and collapse of the cells (Colwell, 1956) which further 
reduces the proportion of NIR which is reflected. In crop canopies which include diseased 
and healthy leaves, reflectance of NIR is influenced by both a change in the reflective 
characteristics of individual infected leaves and a loss of total green leaf area (Knipling, 
1970; Demetriades-Shah and Kanemasu, 1989). This reduction in crop GLAI has been 
used as an estimate of the effect of disease on plant production. In cereal crops infected 
with foliar diseases, reflectance of NIR has been correlated with GLA (Nutter and Cunfer, 
1988). Few studies have used reflectance to derive relationships between disease and yield 
(Pederson and Nutter, 1982) particularly for yield loss estimation in crops with different 
yield potentials (Nutter and Cunfer, 1988). 
In this chapter an investigation into the use of NIR reflectance to detect differences in 
GLAI of healthy and diseased plants in all crops and disease epidemics is reported. 
Reflectance was evaluated as an input variable to replace AUGLAIC in disease:yield 
models for estimation of yield or yield loss in crops with a wide range of yield potential 
levels. 
5.2 MATERIALS AND METHODS 
Per cent reflectance was measured in the 1987/88 and 1988/89 experiments (Chapter 2) 
with a hand-held multispectral radiometer (CROPS CAN Inc., Fargo, North Dakota, 
U.S.A.; Pederson and Fiechtner, 1980). Eight silicon photodiode cells and narrow-band 
optical interference filters in the 500 to 850nm portion of the visible and NIR spectrum 
(Appendix X), were oriented upwards to detect incident radiation. A matching set of cells 
and filters were oriented downwards to detect reflected radiation from the crop canopy. 
Reflectance at each waveband was measured at each sampling date and a selected 
waveband was used for analysis. Each photodiode cell and interference filter was 
calibrated at the beginning of the season. Calibration constants were used to calculate per 
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cent reflectance as: 
Reflectance (%) = [(R/I) * (q/CR)] * 100 ... 5.1 
where R and I were the reflected and incident radiation values respectively and q and CR 
were the calibration constants for the upper and lower sensors respectively. The 
radiometer was positioned about 2m above the canopy with a field view of 1m2. 
Reflectance was measured during cloud-free periods to eliminate the irradiance changes 
which occur when clouds pass in front of the sun (Milton, 1986) and within two hours of 
solar noon to reduce the errors associated with shadowing within the canopy (Curran, 
1983). Reflectance was not measured when light intensity was less than 700W/m2 because 
the sensors were less sensitive below this level. The soil surface reflects radiation in 
addition to crop canopies, and is affected markedly by soil moisture content (Curran, 
1983). Variation in reflectance from soil was minimised by taking measurements only 
when the soil surface was dry. Variation in reflectance from soils with different colours 
(ie.light-toned, dark-toned; Hatfield, 1990) was reduced by subtracting the reflectance 
from the bare soil from that of the crop. Reflectance from the bare soil was measured from 
a permanent area of undisturbed ground at each site. The effects of soil colour on canopy 
reflectance was accounted for by this method only when data for the two sites were 
combined. 
Four or more measurements of reflectance were sampled randomly from areas about 2.5m 
from the edge of each plot 10 to 18 times during the 1987/88 and 1988/89 seasons. In 
1987/88, an additional measurement was taken from a pre-selected area in each plot 
(Appendix III) at each sampling date. The single measurement of reflectance from the pre-
selected area was related to the mean of the reflectance measurements sampled randomly 
in each plot, for all data in 1987/88, by correlation analysis (Snedecor and Cochran, 1980). 
In 1987/88, green leaf area (GLA) was measured for eight plants sampled in the same pre-
selected area in which reflectance was measured. In 1988/89, GLA was measured for eight 
plants sampled randomly in each plot (section 2.2.2). Green leaf area was multiplied by 
the plant population (section 2.2.2) to give the GLAI for each plot. Green leaf area index 
was related to measurements of reflectance from the pre-selected area for each yield 
potential crop for all epidemics by correlation analysis. In 1988/89, green area of ears and 
stems was added to the green area of leaves to form green area index (GAl) (section 2.2.2). 
Green area index was correlated with the mean of the randomly sampled reflectance 
measurements for each yield potential crop for all epidemics in 1988/89. 
Relationships between reflectance at the selected waveband and actual yield (gDM/m2) for 
individual crops were derived by regression analysis (section 4.2). Three model types 
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were developed; single point, multiple point and area under curve (section 4.2). Area 
under reflectance curve (AURC) was calculated from crop emergence to maturity. Models 
were evaluated by the coefficient of determination adjusted for degrees of freedom (R2 adj) 
and the F statistic. 
5.3 RESULTS 
Reflectance from diseased and healthy crop canopies was different at each waveband (eg. 
Figure 5.1). Standard errors of the means for reflectance measurements in each plot were 
small for all wavebands at each sample date (eg. Figures 5.1 to 5.3). 
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Figure 5.1: Per cent reflectance of healthy ( .) and diseased ( 0) plots in the high input, 
early crop sown on 17 September 1987 (crop 1), measured at growth stage 85 (Zadoks etal., 
1974). 
All standard error of means were less than 1 % reflectance. 
Arrow indicates the wavelength used for derivation of regression models. 
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The 800nm waveband was chosen for further analysis because there was a good correlation 
(r=O.66 to 0.89) with OLAI in both years (Table 5.1) and there were large per cent . 
differences between healthy and diseased plants from OS 70 to harvest (Table 5.2). The 
800nm waveband is least sensitive to changes in canopy geometry caused by wind (Lord et 
al., 1985) and crop senescence (Murtha, 1982; Ahlrich and Bauer, 1983; Curran, 1983). 
Coefficients of variation (cv%) for reflectance measurements at the 800nm waveband in 
each plot were small (cv% did not exceed 7% and were frequently below 3%). The 800nm 
waveband also had the lowest cv% (maximum of 0.8%) for repeated measurement of the 
same area. 
Reflectance measurements (800nm) from one scan area were closely correlated (r=O.98; 
P<O.OOI) to the mean of the measurements sampled randomly in each plot, in 1987/88. 
Reflectance was measured from random scans in 1988/89 to ensure that measurements 
represented the variation present in each plot. 
Reflectance (800nm) increased from GS 12 to a maximum at GS 32 to 47 in all crops, then 
declined to harvest (Figure 5.2). There were differences in reflectance from healthy plants 
in crops with different yield potentials. In the early sown, high input crops (Figures 5.2a, 
5.3a) maximum reflectance was double that of the low yielding crops (Fig~s 5.2b; 
5.3c,d) and was higher through to harvest. Reflectance from the healthy plants was greater 
than from diseased plants in all crops. In 1987/88, reflectance was lower from GS 32/33 
until near harvest in fully diseased relative to healthy crops (eg. Figure 5.2a,b). In 
1988/89, disease did not affect maximum reflectance but reduced reflectance thereafter 
until close to maturity (eg. Figure 5.3a,d). The reduction in reflectance from plots with 
partial disease epidemics was intermediate to those of the full and nil disease treatments 
(Figure 5.2). At harvest, reflectance was similar from both healthy and diseased plots. 
The correlation coefficients for the relationships between reflectance and GAl in each crop 
were higher (0.76 to 0.92) than those for GLAI in 1988/89 (0.66 to 0.89; Table 5.1). For 
example, when GAl was used in the correlation analysis, the coefficients increased from 
0.58 to 0.74 and 0.71 to 0.80 in the healthy and diseased treatments respectively in crop 7 
(Figure 5.3d). The inclusion of ear and stem green area in the measurement of GLAI may 
have improved the correlation of reflectance and OLAI in the 1987/88 crops (eg. Figure 
5.3b,c). The radiometer was not sensitive enough to detect differences in GLAI in healthy 
and diseased canopies when crop GLAI was small (eg. Figure 5.3c,d). 
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Table 5.1: Correlation coefficientS- (r) between per cent reflectance (800nm) and green 
leaf area index (GLAI) and green area index (GAl), for aU measurements in the growing 
season. 
• 
b 
c 
d 
Cropb GLAlc GAld 
r r 
1987/88 
1 0.87 
2 0.76 
3 0.73 
4 0.73 
lto4 0.82 
1988/89 
5 0.89 0.92 
6 0.84 0.92 
7 0.66 0.76 
5to7 0.87 0.91 
lto7 0.84 
Correlation coefficient for all measurements up to the senescence of the last remaining leaf, in 
each crop, each year and in both years. All relationships were significant (p<O.OOI). 
High (crop 1) and low (crop 2) input, early crops sown on 17 September 1987. High (crop 3) 
and low (crop 4) input, late crops sown on 3 December 1987. High (crop 5), medium (crop 6) 
and low (crop 7) input crops sown on 20 September 1988. Details of management inputs for 
these crops are in Table 2.1. 
Reflectance and GLAI were measured from a pre-selected area in each plot in the 1987/88 
crops. In the 1988/89 crops, reflectance and GLAI were measured randomly and mean values 
were calculated. 
GAl calculated from green area of leaves, stems and ears. GAl was not measured for the 
1987/88 crops. 
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Table 5.2: Per cent difference- in per cent reflectance, measured at wavelengths between 
500 and 850nm, for the diseased and healthy plotsb in the 1987 early sown, high input crop 
(crop 1). 
Growth 
StageC 
500 550 
12 0.0 +1.8 
31 +2.3 +2.1 
31.5 0.0 0.0 
32 0.0 +4.2 
33 -3.1 +2.5 
46 +5.6 +6.3 
70 0.0 -5.1 
85 -5.4 -14.7 
88 +14.3 +2.1 
-
Difference (%) calculated as: 
difference = 
Wavelength 
(nm) 
600 650 700 750 
+0.9 0.0 +0.8 +3.5 
+4.1 +8.2 +4.8 -0.5 
0.0 +2.1 0.0 +0.5 
+7.1 +10.4 +8.0 -1.2 
+15.4 +15.2 +10.0 -11.2 
+14.5 +24.6 +20.9 -8.1 
+18.5 +32.6 +26.5 -28.1 
-3.4 +9.2 +5.9 -30.2 
+11.7 +18.9 +16.1 -24.7 
reflectanceCdiseased plot) - reflectance(hea1thy plot) 
reflectance (highest value for each comparison) 
800 
+2.9 
-2.0 
+0.5 
-3.2 
-14.3 
-8.6 
-33.3 
-37.0 
-30.8 
xillQ 
1 
850 
+2.8 
-2.5 
+0.5 
-3.0 
-13.7 
-6.7 
-29.6 
-34.7 
-28.4 
b Diseased plot received nil sprays for leaf rust control (treatment 1) and the healthy plot received a 
prophylactic spray programme (treatment 9; Figure 2.1). 
C Decimal growth stage (Zadoks et al., 1974). 
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Figure 5.2: Per cent reflectance in full ( 0 ), nil ( • ) and three other disease epidemics 
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with intermediate severities in the 1987/88 A) high input, early crop sown on 17 September 
(crop 1) and B) low input, late crop sown on 3 December (crop 4). 
Intermediate treatments were treatments 8 ('\7), 6 (.A) and 2 ( 0) in crop 1 and treatments 
8 ('\7), 5 (.) and 4 (0) in crop 4 (see Figure 2.1a,b for spray programme details). 
Arrows indicate the first symptoms of leaf rust. 
Decimal growth stage (Zadoks et al., 1974). 
Vertical bars represent 2x standard error of mean. 
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Figure 5.3: Green leaf area index (.-.) and per cent reflectance (0 -- 0) in the 
healthy (left) and diseased (right) plots of A) 1988/89 high input crop (crop 5), B) 1987/88 
high input, early sown crop (crop 1), C) 1987/88 low input, late sown crop (crop 4) and D) 
1988/89 low input crop (crop 7). 
Vertical bars represent 2x standard error of mean. Standard error of means not presented 
in the figure were less than 1 % reflectance. 
a Green area index. 
b Decimal growth stage (Zadoks et al., 1974). 
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Significant (P<0.05 to P<O.OoI) single point models of reflectance and yield were derived 
mainly between flowering (OS 60 to 70) and harvest, for the early sown crops (Table 5.3). 
Fewer significant models were developed for the late sown crops (crops 3 and 4). Models 
with the highest R2 adj and F values did not occur at the same growth stage in individual 
crops (Table 5.3) but were all late in crop growth. Yield was positively related (P<O.Ol to 
P<O.OOI) to reflectance at most growth stages when models were derived for all crops 
within and between years (Table 5.4). The best model (highest R2 adj and F values) 
occurred at OS 85-87 (Figure 5.4a). Yield increased by 17.4gDM/m2 for each 1% increase 
in per cent reflectance. Models based on reflectance measured at OS 33, 45-48 and 70-72 
also explained a large proportion of the variation in yield (about R 2 adj=O. 70) but were 
lower than the model at OS 85-87 (R2adj=o.89) (Table 5.4). The proportion of variation in 
yield explained by reflectance measurements at most growth stages was not improved 
when soil reflectance was subtracted from crop reflectance (Table 5.4), except at OS 85-
87. The proportion of variation in yield explained by reflectance measurements at OS 85-
87 increased from 89% (Figure 5.4a) to 94% (Figure 5.4b) when soil reflectance was 
accounted for in the model. Validation of the reflectance (OS 85-87):yield models (Figure 
5 .4a,b) was by visual comparison with reflectance data for the independent data of O. 
Whelan (1992) (Appendix IX). The models could be used to describe the effects of 
sowing date on reflectance of barley crops unconstrained by disease (Figure 5.4a,b). 
Inclusion of a second and third reflectance-based variable improved the significance and fit 
of most models in individual crops (Table 5.5). In individual crops, selected MP models 
occurred at different growth stages which ranged from early in growth to near maturity. 
MP models which summarised the data for each year, and both years in combination, were 
highly significant (P<O.OOI; Table 5.5). However, for the model for both years data, the 
inclusion of a second and third variable did not markedly improve the R2 adj and F values 
relative to single variable models. The MP models for both years in combination were 
developed from reflectance measured late in crop growth. Subtraction of soil reflectance 
from crop reflectance improved slightly the proportion of variation in yield explained in 
MP models derived for all data at both sites (Table 5.5). 
Area under reflectance curve (AURC) explained a large proportion of variation in yield 
(R2adj=o.56 to 0.92) in individual crops infected with leaf rust, except for the high input 
crop sown on 3 December 1987 (crop 3) (Figure 5.5). Area under reflectance curve was 
positively related to the yield of seven healthy crops, as influenced by water and nitrogen 
inputs, sowing date and season (dotted line in Figure 5.5). A significant (P<O.OOI) 
relationship between AURC and yield was derived for all data in both years (Figure 5.5), 
but the effect of disease on yield loss in individual crops was greater than that for water 
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Table 5.3: Single point models· of yield (gDM/m2) and per cent reflectance (800nm) for 
each barley (cv. Triumph) crop in 1987/88 and 1988/89. 
Cropb Regression ParametersC: 
GSd a b R2adJ 
1 46 -1459.1 39.1 (13.52) 0.45 * 
70 -348.8 23.7 (2.54) 0.91 *** 
85 -252.7 21.1 (1.85) 0.94 *** 
88 -572.6 30.6 (3.44) 0.90 *** 
89 -556.8 32.1 (3.49) 0.90 *** 
90 -851.3 45.2 (5.86) 0.87 *** 
91 -1588.1 71.2 (6.42) 0.93 *** 
2 70 -401.9 28.7 (4.80) 0.79 **'" 
85 -183.6 20.9 (1.77) 0.94"'*'" 
88 -393.5 27.4 (2.45) 0.94 **'" 
90 -346.6 26.1 (1.85) 0.96 **'" 
90.5 -601.7 37.1 (5.06) 0.85 *** 
91 -864.8 49.7 (7.66) 0.82 "'*'" 
3 87 -948.4 63.6 (20.27) 0.50* 
4 87 -734.8 49.8 (13.41) 0.59 *. 
91 -709.2 39.0 (5.92) 0.83 *** 
5 65 -1217.8 35.9 (11.59) 0.59* 
70 -948.1 32.1 (9.72) 0.62 * 
73 -970.3 32.5 (8.56) 0.69 * 
79 -810.2 29.4 (4.32) 0.88 ** 
85 -348.6 22.3 (2.66) 0.92"'*'" 
90 -503.7 40.1 (11.00) 0.67 * 
91 -357.5 34.6 (11.47) 0.57 * 
6 60 -1927.5 50.4 (15.41) 0.62* 
71 -547.6 23.6 (8.68) 0.52* 
73 -466.7 21.9 (5.94) 0.68 * 
79 -769.0 28.7 (6.00) 0.79"'* 
86 -481.4 24.4 (1.67) 0.97 **'" 
91 -667.2 40.1 (6.72) 0.85 ** 
91.5 -521.4 36.3 (6.19) 0.85 ** 
7 60 5.7 9.2 (2.02) 0.77 ** 
68 -39.3 10.5 (2.15) 0.79 ** 
72 -13.0 11.7 (2.98) 0.71 '" 
74 -246.7 17.5 (3.56) 0.80 ** 
87 -190.1 15.7 (5.03) 0.59 * 
• All models significant at P<0.05 are presented. 
b See Table 2.1. 
c: Regression equations are of the fonn; 
% Yield = a + b(Reflectance at indicated OS). 
Standard error of regression coefficients (slopes) are in brackets. 
d Decimal growth stage (Zadoks et al., 1974). 
• •• • •• Models significant at P<0.05. 0.01 and 0.001 respectively by F test. • • 
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Table 5.4: Single point models· or yield (gDM/m2) and per cent reflectance (800nm) ror all barley 
(cv. Triumpb) crops in 1987/88 and 1988/89 and botb years combined. 
Cropb Regression ParametersC: 
GSd a b R2adJ 
1-4e 12 3984.5 -176.7 (34.00) 0.40 "''''''' 
30-31 -163.7 15.7 (1.82) 0.66 "''''* 
31 -259.0 17.9 (2.10) 0.65 "''''''' 
31-32 -168.7 14.3 (1.53) 0.69 "''''''' 
33 -209.6 15.2 (1.64) 0.69 "''''''' 
45-48 -230.7 16.0 (1.95) 0.63 "''''''' 
70 -586.3 30.0 (3.40) 0.66"''''''' 
85-87 -142.5 18.9 (0.83) 0.93 "''''''' 
90-91 -612.8 35.6 (1.97) 0.89 "''''''' 
91 -1030.5 53.6 (3.00) 0.89 "''''''' 
5-7' 22 -3288.6 137.8 (19.00) 0.70 "''''''' 
30 -1343.0 49.8 (8.97) 0.58 "''''''' 
31 -987.2 42.6 (13.08) 0.30"'''' 
32 -224.8 20.9 (4.03) 0.54 "''''''' 
33 -396.2 18.0 (2.58) 0.69 "''''''' 
47 -274.5 15.0 (1.94) 0.73 "''''''' 
50-51 -315.8 15.3 (1.80) 0.76 "''''''' 
59-60 -238.3 17.0 (1.75) 0.81 "''''''' 
65-68 -240.4 16.9 (1.78) 0.80 "''''''' 
70-72 -124.0 15.5 (1.35) 0.86 "'*'" 
73-74 -320.4 19.5 (1.43) 0.89 "''''''' 
79-82 -329.4 19.8 (1.22) 0.93 "''''''' 
85-87 -449.9 24.2 (0.75) 0.98 "''''''' 
91-92 -1061.1 55.2 (5.90) 0.80 "''''''' 
1-71 30 -227.2 18.3 (2.03) 0.57 "''''''' 
31 -314.1 20.4 (2.18) 0.59 "''''''' 
32 -136.1 14.9 (1.78) 0.53 "''''''' 
33 -201.5 14.6 (1.18) 0.72 "''''''' 
45-48 -149.0 13.2 (1.17) 0.68 "''''''' 
70-72 -228.4 18.4 (1.58) 0.69 "''''''' 
85-87 -128.8 17.4 (0.79) 0.89 "''''''' 
90 -690.9 39.7 (2.79) 0.77 "''''''' 
91 -1041.4 54.0 (2.76) 0.86 "''''''' 
1-7h 30 124.0 17.6 (2.25) 0.50 """'" 
31 88.7 18.8 (2.44) 0.49 "''''''' 
32 173.4 13.0 (1.92) 0.43 "''''''' 
33 39.1 15.8 (1.23) 0.73 """'" 
45-48 63.9 14.5 (1.21) 0.71 """'" 
70-72 88.3 19.9 (1.70) 0.69 """'" 
85-87 167.9 19.2 (0.67) 0.94 """'" 
90 112.0 32.2 (3.86) 0.53 """'" 
91 -12.7 50.3 {4.57} 0.67 """'" 
• All models significant at P<0.05 are presented. 
b See Table 2.1. 
c: Regression equations are in the fonn; 
% Yield = a + b(Refiectance at indicated GS). 
Standard error of regression coefficients (slopes) are in brackets. 
d Decimal growth stage (Zadoks et al., 1974). 
e Regression analysis perfonned on data for all crops in 1987/88,' 1988/89 and g in both 1987/88 and 1988/89. 
h Bare soil reflectance (8oonm) subtracted from crop reflectance. 
*"'. "'*'" Models significant at P<O.OI and 0.001 respectively by F test. 
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Figure 5.4: Relationship between yield (gDMlm2) of barley (cv. Triumph) and per cent 
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reflectance (800nm) measured at growth stage 85-87, A) without and B) with correction for 
bare soil reflectance. 
High (crop 1;.) and low (crop 2; A) input, early crops sown on 17 September 1987, high 
(crop 3; .) and low (crop 4;~) input, late crops sown on 3 December 1987 and high 
(crop 5; 0), medium (crop 6; ~) and low (crop 7; 0 ) input crops sown on 20 September 
1988. G. Whelan (1992) (* crops sown in a mid-winter, b early-spring and C early-
summer). 
Regression equations for all crops in 1987/88 (solid line), 1988/89 (dotted line) and both years 
combined (solid line in Figure 5.4B) are in Table 5.4. 
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Table 5.5: The best one, two and three variable modelsa of yield (gDM/m2) and per cent reflectance 
(800nm) for each barley (cv. Triumph) crop in 1987/88,1968/89 and both years combined. 
Cropb Regression ParametersC 
GS1d GS2 GS3 a b l b2 b3 R2adJ 
1 85 -252.7 21.1 (1.85) 0.94 ......... 
85 31.5 -1924.2 24.1 (1.15) 35.1 (7.36) 0.98 ......... 
85 31.5 90 -1853.2 29.0 (4.02) 36.9 (7.18) -10.9 (8.54) 0.98 "' ... '" 
2 90 -346.9 26.1 (1.85) 0.96"' ...... 
90 31.5 -938.7 27.9 (1.42) 11.9 (3.89) 0.98 ......... 
90 31.5 31 -953.1 28.5 (0.82) 18.5 (2.76) -7.3 (1.84) 0.99"' ...... 
3 87 -948.4 63.6 (20.27) 0.50'" 
87 70 -997.0 132.2 (21.88) 40.5 (10.65) 0.81 ......... 
87 70 12 316.4 117.9 (22.96) 40.5 (10.00) -51.2 (36.69) 0.83 "'''' 
4 91 -709.2 39.0 (5.92) 0.83 ......... 
91 33 -1225.3 36.6 (5.35) 19.8 (10.73) 0.87 "''''''' 
91 33 45 -1088.4 57.7 (13.21) 19.7 (9.50) -33.2 (19.39) 0.90"'''' 
5 85 -348.6 22.3 (2.66) 0.92 ......... 
85 47 -1531.0 23.8 (1.28) 17.9 (4.07) 0.98 "''''''' 
85 47 12 -4589.5 26.5 (1.58) 22.2 (3.59) 108.6 (50.94) 0.99 ......... 
6 86 -481.4 24.4 (1.67) 0.97 ...... '" 
86 32 -951.8 27.6 (0.89) 9.5 (1.78) 1.00 "'*'" 
86 32 30 -1521.8 29.7 (0.81) 10.1 (1.00) 12.0 (3.75) 1.00 "''''''' 
7 74 -246.7 17.5 (3.56) 0.80 "'''' 
74 51 -126.4 25.1 (5.02) -9.0 (4.88) 0.86"'''' 
74 51 30 -566.9 26.2 (3.38) -11.9 (3.45) 15.6 (6.35) 0.94 ...... 
1-4e 85-87 -142.5 18.9 (0.83) 0.93 ...... '" 
85-87 90/91 -341.5 12.3 (1.96) 13.7 (3.76) 0.95 ......... 
85-87 90/91 12 -160.8 12.4 (1.91) 11.6 (3.88) -21.8 (12.85) 0.95 ......... 
5-7' 85-87 -449.9 24.0 (0.75) 0.98 ...... '" 
85-87 32 -459.6 22.2 (1.22) 2.5 (1.38) 0.98 ...... 
85-87 32 33 -441.7 24.0 (1.29) 6.0 (1.84) -4.3 (1.68) 0.99 "'''' ... 
1-711 85-87 -130.8 17.4 (0.76) 0.89 ......... 
85-87 90 -391.3 12.4 (1.11) 15.0 (2.73) 0.93 ... "'''' 
85-87 90 70-72 -520.1 7.3 (1.54) 18.2 (2.51) 5.7 (1.34) 0.94"' ...... 
1-7h 85-87 167.9 19.2 (0.67) 0.93 ...... '" 
85-87 90 133.4 17.3 (0.84) 6.4 (1.84) 0.94 "' ... '" 
85-87 90 70-72 97.3 14.2 (1.17} 7.3 (1.70} 4.1 (1.18} 0.95 ......... 
a AU models significant at P<0.05 are presented. 
b See Table 2.1. 
C Regression equations are in the form; 
% Yield = a + bl(Reflectance at indicated GS I) 
% Yield = a + bl (Reflectance at indicated GS I) + ~(Reflectance at indicated GS2) 
% Yield = a +bl(Reflectance at indicated GS I) + ~(Reflectance at indicated GS2) + b3(Reflectance at 
indicated GS3). 
Standard errors of partial regression coefficients are in brackets. 
d Decimal growth stage (Zadoks et al .• 1974). 
e Regression analysis performed on data for all crops in 1987/88, , 1988/89 and g in both 1987/88 and 1988/89. 
h Bare soil reflectance (800nm) subtracted from crop reflectance. 
... ...... ..."'''' Models significant at P<0.05, 0.01 and 0.001 respectively by F test , , 
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Figure 5.5: Relationship between yield (gDMlm2) of barley (cv. Triumph) and area under per cent 
reflectance curve (AURC; %.days) in the 1987/88 and 1988/89 crops. 
High (crop 1;.) and low (crop 2;"') input, early crops sown on 17 September 1987, high (crop 
3; • ) and low (crop 4;"') input, late crops sown on 3 December 1987 and high (crop 5j 0), medium 
(crop 6; b.) and low (crop 7; 0 ) input crops sown on 20 September 1988. 
Dotted line represents the regression equation fitted to data for the healthy plots in each crop. 
Regression equations for each crop and all crops (crops 1 to 7), in the form of Yield = a + b(AURC), 
were: 
• •• • •• , , 
(P>O.OS). 
Crop Regression Parameters 
a b (seb) R2adJ 
1 ·1735 0.54 (0.052) 0.92··· 
2 ·1636 0.57 (0.113) 0.73··· 
3 ·907 0.49 (0.248) 0.24ns 
4 ·2165 1.04 (0.219) 0.71 •• 
5 ·3440 0.93 (0.137) 0.88··· 
6 ·3807 1.08 (0.251) 0.71·· 
7 ·649 0.32 (0.114) 0.56· 
Ito 7 ·284 0.21 (0.012) 0.84··· 
1 t07a 50 0.26 (0.015) 0.84··· 
Models significant at P<0.05, 0.01 and 0.001 respectively by F test. ns = not significant 
Regression coefficients (slopes) for each crop are presented in the figure. 
a Bare soil reflectance (800nm) was subtracted from crop reflectance. 
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and nitrogen inputs, sowing date and season. The relationship between yield and AURC 
for all data at both sites was not improved when the influence of bare soil reflectance was 
acc::ounted for in the model (Figure 5.5). 
5.4 DISCUSSION 
Measurements of disease for quantitative estimation of yield reductions should be rapid, 
precise and accurate (Gaunt, 1987b; Kranz, 1988). Nutter et al. (1985) found that 
estimation of yield loss in peanuts derived from visual assessments using standard area 
diagrams took about 20 times longer than estimation based on reflectance measurements. 
Nutter et al. (1990) compared the precision of reflectance and visually based assessment 
methods for discriminating disease levels and found that coefficients of variation were 
lower (6%) for reflectance-based measurements compared with visually-based 
measurements (20%). Similar levels of precision for reflectance measurements were found 
in this study. Reflectance was correlated significantly (P<O.OOI) with GLAI. Reflectance 
thus provided a rapid, precise and accurate measure of disease. 
In unconstrained cereal crops, leaves are the dominant photosynthetically active tissue in 
the canopy for most of the season (Pearson, 1984). In crops constrained by foliar disease, 
other organs (ie. ears, stems) may contribute proportionately more to photosynthesis than 
in healthy plants (Lim, 1982). The contribution of the ears and stems to photosynthesis 
may be important in crops constrained by early, severe epidemics of foliar disease because 
of the small areas of green leaf present during grain filling (see Figure 3.3; Lim, 1982). In 
this study, the correlation between reflectance and GLAI was improved by the inclusion of 
the green area of the ears and stems. Reflectance of NIR has been shown also to be closely 
correlated to green tissue (measured as green biomass) in wetland (Lorenzen and Jensen, 
1988) and prairie (Tucker, 1977) vegetation and corn crops (Kimes et al., 1981). 
Reflectance was thus an accurate measure of the effects of disease on the total amount of 
green tissue in crops with different yield potentials and was used in this study to indicate 
green tissue loss in cro{J's constrained by disease. 
The radiometer could not detect differences in reflectance from healthy and diseased plants 
with small GLAI (eg. crops 3 and 4) because reflectance from the soil may have interfered 
with reflectance in crops with open canopies (Huete, 1987; Lorenzen and Jensen, 1988). 
In arid areas with no irrigation (eg. parts of Australia and United States of America), 
measurement of NIR reflectance may be unsuitable for estimation of yield because most 
crops have low amounts of green tissue area and open canopies. Reflectance of NIR may 
be suitable for estimation of yield in regions where a high proportion of crops have large 
amounts of green tissue area and dense canopies (eg. Midlands in England; Wales). 
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Reflectance, expressed as AURC, could be used to accurately estimate final yield in 
different yielding crops. The AURC:yield model explained a large proportion (R2 adj=O.84) 
. of the variation in yield (Figure 5.5) and is an alternative to the AUOLAIC:yield model 
(Figure 4.4). Many measurements of reflectance are required for the derivation of AURC 
and hence AURC may not be suitable for the estimation of final yield in disease surveys. 
The model could not be used to estimate yield loss caused by disease in different yield 
potential crops. This was because the disease-induced yield loss was greater than that for 
the relationships between AURC and crop yield potential. The reasons for the differences 
in the relationships between yield and AURC and yield and AUOLAIC are not clear. 
Differences in the relationships between yield and AUOLAIC and AUOAIC were not the 
cause of the greater yield loss in diseased relative to healthy crops, as measured by NIR 
reflectance (Appendix XI). Changes in canopy density, and differences in reflectance from 
green, necrotic and chlorotic plant tissues, may have contributed to the observed 
differences. Differences may have been accentuated when AURC was accumulated over 
the season. 
Multiple point models explained slightly more variation in yield for all crops compared 
with the area under curve and SP models. However, MP models based on three variables 
are not suitable for the estimation of yield loss in disease surveys because of the 
requirement for a large number of reflectance measurements. Although estimation of yield 
loss from MP models with two variables may be practical in some surveys, most surveys 
are based on a single measurement of disease in each crop. Orain yield was estimated 
accurately from a single measurement of reflectance at grain filling (OS 85-87) in all crops 
(Figure 5.5a). Reflectance measured at OS 85-87 was suitable for estimation of yield in 
the independent crops ofO. Whelan (1992) which had yield potentials different to those 
tested in this study. Reflectance (800nm) measured at a single growth stage has also been 
correlated with yield in barley crops infected with spot blotch (Cochliobolus sativus (Ito 
and Kurib.) Drechsler ex Dastur; Pederson and Nutter, 1982) and peanut crops infected 
with late leaf spot (Cercosporidium persona tum (Berk. and Curt.) Deighton; Nutter et al., 
1985; Nutter, 1989; Nutter et al., 1990). The model of reflectance (OS 85-87) and yield 
was improved when canopy reflectance was corrected for bare soil reflectance (Figure 
5.5b). Bare soil reflectance had a large effect on canopy reflectance during grain-filling 
because the canopy was open in most crops. Reflectance measured at OS 85-87 could be 
used as a direct replacement for OLAI in the AUOLAIC:yield model. The reflectance (OS 
85-87):yield model has potential for estimating both final yield and yield loss in disease 
surveys as discussed in Chapter 7. 
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Disease may affect crop growth and yield in a way which may not be represented by aLAI 
alone. In Chapter 6, the relationship between yield and the amount of photosynthetically 
active radiation intercepted by green leaves is reported in crops with different yield 
potentials infected with disease. 
CHAPTER 6 
INTERCEPTION OF PHOTOSYNTHETICALLY 
ACTIVE RADIATION 
6.1 INTRODUCTION 
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Leaf rust modified barley growth by reducing green leaf area, green leaf area duration and 
radiation interception (Chapter 3). The reduction of GLAI described the effect of disease 
constraints on crop growth and grain yield (Chapter 4). The single model which best 
described the disease:yield loss relationship for seven barley crops, with a wide range of 
yield potential levels, was derived from area under green leaf area index curve 
(AUGLAIC) and actual yield (Equation 4.5). However, Equation 4.5 derived from the 
diseased crops, was not applicable for estimation of yield fort~q' spring barley crops grown 
in the same location and year but with different sowing dates and yield potentials (G. 
Whelan, 1992). Grain yield was overestimated by 49 to 108%. Relationships bas~d on 
GLAI and grain yield may not work in all yield potential crops because factors other than 
disease and the amount of green area affect plant growth and yield. These factors may 
include temperature, water and nutrient availability, incident radiation and the amount of 
radiation intercepted by the crop canopy during the season. 
The amount of solar radiation intercepted by a crop is a major determinant of total dry 
matter production (Biscoe and Gallagher, 1978). Dry matter production depends not only 
on green leaf area and green leaf area duration, but also on incident radiation and the 
efficiency with which the crop uses the intercepted energy in the production of dry matter 
(Gallagher and Biscoe, 1978b; Monteith and Unsworth, 1990). Crop dry weight (W) can 
be estimated by; 
W=I e/ .... 6.1 
where I is the solar radiation (MJ/m2/day) received above the crop canopy, e is the dry 
matter yield of energy (g/MJ) and/is the fraction of solar radiation intercepted by the crop 
canopy. The incident radiation depends on the site and season, while/depends on the crop 
leaf area, canopy architecture and canopy duration. Solar radiation between the 
wavelengths of 400 to 700nm (photosynthetically active radiation; PAR) is selectively 
used by plants in photosynthesis (McCree, 1972). PAR is commonly assumed to be half 
of incident total radiation (Szeicz, 1974a). In crops grown for grain production, grain yield 
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is related to total dry matter by the harvest index which is dependent on the translocation 
of material from the sites of current assimilation or prior storage to the grains (Moorby, ~ 
1987). 
There is considerable literature describing the radiation interception, efficiency and harvest 
index of healthy, unconstrained crops. Dry matter production has been shown to be 
closely correlated with the interception of photosynthetically active radiation (PAR) in 
many crops, for example, beans (Fasheun and Dennett, 1982), maize (Sivakumar and 
Virmani, 1984), wheat (Gallagher and Biscoe, 1978b), barley (Gallagher and Biscoe, 
1978b; Russell and Ellis, 1988) and potatoes (Khurana and McLaren, 1982). It has been 
found that e is usually in the range of 1.2 to 1.8 g/MJ total solar radiation over a range of 
crops and seasons (Moorby, 1987; Russell et al., 1989). Efficiency of radiation use is 
relatively constant over the life of a crop (Monteith, 1981). Efficiency may be reduced by 
some stresses, for example, water (Gallagher et al., 1976a; Gallagher and Biscoe, 1978b; 
Hughes et al., 1987) and nutrient availability (Gallagher and Biscoe, 1978b; Green, 1984). 
In crops constrained by foliar disease, growth can be limited by green area development. 
For example, foliar disease may modify final leaf size (section 3.2; Lim and Gaunt, 
1986b), tiller production (section 3.2; Table 3.1) and survival (Lim and Gaunt, 1986b; 
Udeogalanya and Clifford, 1989) and the senescence of leaves (section 3.2; Figures 3.5 
and 3.6; Green and Ivins, 1984). Changes in green leaf area development caused by 
disease reduced radiation interception by the crop canopy (section 3.2; Figures 3.7 and 3.8) 
and consequently yield. 
There is little information available on the effects of foliar diseases on radiation 
interception of barley crops. Waggoner and Berger (1987) used concepts based on 
Equation 6.1 to analyse the published yields of a number of crops in terms of the effects of 
disease. In wheat, potato and peanut crops, dry matter production correlated well with 
total solar radiation absorbed by healthy leaves. In these examples, the interception of 
radiation was determined largely by green leaf area and green leaf area duration, and there 
was little evidence that the efficiency of radiation use was affected by disease. Haverkort 
and Bicamumpaka (1986) found similar relationships between absorption of solar radiation 
by green leaves and yield in potatoes infected with late blight (Phytophthora infestans). 
Measurement of the amount of radiation intercepted by green leaf area during the season 
integrates many factors which influence plant growth and yield. These measurements may 
help in the development of less site-specific relationships and may provide a better 
understanding of the effects of foliar pathogens on dry matter production and yield in 
barley crops, than GLAI measurements alone. 
98 
The objectives reported in this chapter were to: 
1. detennine the effect of leaf rust on the amount of PAR intercepted by green leaves 
in barley crops with different yield potentials. 
2. evaluate the relationship between total dry matter production, and grain yield, and 
accumulated PAR as a description of the effect of disease. 
3. detennine the effect of disease on the harvest index and the conversion efficiency 
of intercepted radiation to dry matter. 
4.detennine whether crop yield potential influenced the relationship between 
accumulated PAR and dry matter production or grain yield. 
5. detennine whether the AUGLAIC:yield model (Equation 4.5) derived in Chapter 4 
can be improved by using accumulated PAR intercepted by green leaves as the 
measurement of disease. 
6.2 MATERIALS AND METHODS 
Total incident solar radiation (I) was measured daily at a meteorological station 20m from 
the 1987/88 experiment and Han from the 1988/89 experiment. 
The per cent of incident radiation intercepted by the crop canopy (%LI) was measured 
using tube solarimeters in all plots in both experiments (section 2.2.2; Figures 3.7 and 3.8). 
Gompertz or logistic curves were fitted to %LI data and daily values of %LI were derived 
(section 2.2.2). The fraction of incident radiation intercepted by the canopy if) was 
calculated as; %Ll/l00. The per cent of total leaf area which was green (%GLA) was 
measured on eight plants in each plot (section 2.2.2). Gompertz or logistic curves were 
fitted to %GLA data and daily values of %GLA were derived (section 2.2.2). The fraction 
of total leaf area which was green (FGLA) was calculated as; %GLN100. 
Daily interception of PAR (MJ/m2) by green leaves was calculated as: 
PAR = (I * 0.5) * /* FGLA 
Accumulated PAR was calculated by summing the daily values of PAR from seedling 
emergence to the senescence of the last green leaf. 
... 6.2 
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Measurements of total and grain dry weight, and harvest index for each plot were 
described in section 2.2.2. Radiation use efficiency was calculated for each- plot from the 
ratio of total dry weight and accumulated PAR. 
Relationships between accumulated PAR and total and grain dry weight for individual 
crops were derived by regression analysis (section 4.2). The effect of leaf rust on e and 
harvest index was determined by regression analysis of the relationship between e and 
harvest index and a measure of disease severity, AUGLAIC (Figure 4.7), for each yield 
potential crop. The effect of crop yield potential on the relationships between accumulated 
PAR and total dry matter production or grain yield was evaluated by linear contrasts of 
regression slopes for all crops. The method of analysis for comparison of slopes is detailed 
in section 4.2. 
6.3 RESULTS 
The early sown crops in both years received similar amounts of incident PAR (1040, 1032, 
1077, 1020 and I011MJ/m2 for the 1987/88 high (crop 1) and low (crop 2) input crops, 
1988/89 high (crop 5), medium (crop 6) and low (crop 7) input crops respectively). Mean 
daily incident PAR was greater (1O.7MJ/m2) for the late (crops 3 and 4) compared with the 
early (crops 1 and 2) sown crops (9.8MJ/m2) in 1987/88. However, the growing season for 
the late sown crops was one month shorter than that for the early sown crops, and the total 
amount of incident PAR was reduced by about 240MJ/m2. 
Significant linear relationships (p<0.01 to 0.001) were derived between total dry matter 
production and accumulated PAR intercepted by the green leaves for individual crops 
(Figure 6.1a,b). In healthy plants in high yield potential crops (eg. crop 1), the green 
leaves intercepted more PAR during the season (351MJ/m2) and therefore produced larger 
dry weights (1470g/m2) than those in low yield potential crops (eg. crop 3; 158MJ/m2, 
654g/m2). This was because the plants in the high yielding crops intercepted more 
radiation (see Figure 3.7), had a longer growth duration (see Figure 3.3) and a larger 
fraction of the canopy which was green (see Figure 3.5) than those in the low yielding 
crops. Diseased plants intercepted 24 to 51% less seasonal PAR than healthy plants in 
crops 1 to 7. The reduction in accumulated PAR caused by disease was due to less 
radiation being intercepted by the canopy (see Figure 3.7), a shorter growth duration (see 
Figure 3.3) and a smaller fraction of the canopy being green (see Figure 3.5) compared 
with healthy canopies. 
A 1500 ~/ ./e 100 
./.0408 (\I 
.0:7-E 1200-
"-
:::!: 
c 
01 A. 
900 AI. • ..... 
Ql 
..:.y .... .... 
III 
:::!: 600 - /JlI,. 
>- ~. 
.... b"3.~ C 
iU ~ "3.80 
.... 300 
f- •• 
" 
0 
0 110 220 330 440 660 
Accumulated PAR (MJ/m 2 ) 
B 1500 
(\I 
E 1200 
"-
:::!: 
c 
01 
~ 900 
.... 
Ql 
.... 
.... 
III 
:::!: 600 
.. f1.B~O"'b"1.94 >-
.... 
c 
iU 300 -.... 
f-
0 
0 110 220 330 440 650 
Accumulated PAR (MJ/m 2 ) 
Figure 6.1: Relationship of total dry matter (gDM/m2) or barley (cv. Triumph) and accumulated PAR Intercepted by 
green leaves (MJ/m2) In the A) 1987/88 and B) 1988/89 crops. 
A: High (crop 1; • ) and low (crop 2; A) Input, early crops sown on 17 September 1987 and high (crop 3; • ) and 
low (crop 4; ~ ) input, late crops sown on 3 December 1987. B: high (crop 5; 0 ), medium (crop 6; 6. ) and low 
(crop 7; 0 ) Input crops sown on 20 September 1988. 
Regression equations for each crop, and all crops (crops 1 to 4; crops 5 to 7; crops 1 to 7), In the rorm of 
Total dry matter = a + b (Accumulated PAR), were: 
Crop Regression Parameters 
a b (seb) R2.dJ 
1 16.7 4.08 (0.620) 0.83 '" 
2 -281.0 6.77 (0.862) 0.87'" 
3 -27.5 '3.80 (0.502) 0.86'" 
4 6.7 3.71 (0.549) 0.83'" 
lto4 -81.8 4.83 (0.299) 0.87 '" 
5 89.2 2.49 (0.453) 0.83" 
6 126.1 2.30 (0.508) 0.76" 
7 227.6 1.94 (0.343) 0.84 " 
5 t07 161.3 2.29 (0.089) 0.97 '" 
lto7 234.3 2.44 (0.203) 0.70'" 
", '" Models significant at P<O.Ol and 0.001 respectively by F test. Regression coefnclents (slopes) for each crop are 
presented In the figure. 
Slope linear contrasts: t values for crops In: 
1987/88 (1.769) not significant (P>0.05; to.os= 2.064 24df) 
1988/89 (1.025) not significant (p>0.05; to.os= 2.17912df) 
both years (0.317) not significant (P>0.05; to.os= 2.027 36df). 
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Models of total dry matter production and accumulated PAR for all crops in 1987/88 
(Figure 6.1a), 1988/89 (Figure 6.1b) and both years combined (Figure 6.1) were significant 
(P<O.OOI). The final dry weight of healthy plants was similar in each of the high (crops 1 
and 5) and medium (crops 2 and 6) yield potential crops, but was produced by different 
strategies. In 1988/89, the healthy plants in crops 5 and 6 intercepted more radiation (see 
Figure 3.7c) and had a larger fraction of total leaf area which was green (see Figure 3.5c), 
from stem elongation to grain filling inclusive, than those in the 1987/88 crops (crops 1 
and 2). However, healthy plants in crops 5 and 6 were 31 to 51 % less efficient at 
converting radiant energy into dry matter than those in crops 1 and 2 (Table 6.1). 
Radiation use efficiency was not affected consistently by water and nitrogen input or 
sowing date. 
Disease did not affect radiation use efficiency in most crops (Table 6.1), but in crop 2 the 
efficiency of the severely diseased plants was lower than those of the healthy plants. 
Disease did not affect the partitioning of total dry matter into grain yield (harvest index) in 
crops 2, 3, 4, 5 and 6 (Table 6.2). In crop 1, the harvest index of the severely diseased 
plants was higher than that of the healthy plants. In contrast, the harvest index of the 
healthy plants was higher than those of the diseased plants in crop 7. The harvest index of 
the healthy crops were generally lower in 1987/88 compared with those in 1988/89 (Table 
6.2). 
Grain yield was significantly related (P<O.OI to 0.(01) to accumulated PAR intercepted by 
the green leaves in each crop infected with leaf rust (Figure 6.2a,b). Significant 
relationships (P<O.OI to 0.(01) between grain yield and accumulated PAR were also found 
for all data in 1987/88 (Figure 6.2a) and 1988/89 (Figure 6.2b) and when the data for both 
years was combined (Figure 6.2). 
Analysis of linear contrast of the slopes indicated that crop yield potential did not affect 
the relationship of accumulated PAR and total dry matter (Figure 6.1) or grain yield 
(Figure 6.2) for crops in each year, or when both years were combined (Figures 6.1 and 
6.2). 
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Table 6.1: Radiation use efficiency (gDMlMJ) for plants in individual plots in the 1987/88 
and 1988189 crops. 
Disease 
Ranking" 
1987/88 1988/89 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
mean 
SD 
• 
b 
c 
Crop 1 b Crop 2 Crop 3 Crop 4 
4.18 
4.95 
4.04 
4.02 
4.94 
4.68 
3.87 
4.60 
3.29 
4.25 
(0.532) 
5.66 
6.19 
5.35 
5.64 
5.60 
4.40 
4.69 
4.78 
5.11 
4.21 
5.16 
(0.634) 
4.14 
3.21 
4.08 
3.13 
3.45 
3.47 
3.67 
3.60 
2.86 
3.06 
3.47 
(0.422) 
3.93 
3.93 
3.87 
3.35 
4.00 
3.23 
3.03 
3.42 
4.87 
4.14 
3.78 
(0.537) 
Crop 5 Crop 6 Crop 7 
2.70 
2.63 
2.70 
2.61 
2.71 
2.96 
2A7 
2.68 
(0.148) 
2.76 
2.41 
2.46 
2.82 
2.59 
2.63 
2.88 
2.65 
(0.179) 
3.40 
3.23 
3.11 
3.42 
3.52 
3.65 
3.58 
3.42 
(0.192) 
Disease severity was ranked according to area under the green leaf area index curve 
(AUGLAIC; m2/m2.days) values (Figure 4.7): 1 = highest AUGLAIC value, generally full 
disease control; 10 (1978/88) or 7 (1988/89) = lowest AUGLAIC value, generally nil disease 
control. 
High (crop 1) and low (crop 2) input, early crops sown on 17 September 1987 and high (crop 
3) and low (crop 4) input,late crops sown on 3 December 1987. High (crop 5), medium (crop 
6) and low (crop 7) input crops sown on 20 September 1988. 
Effect of disease on efficiency was determined by regression analysis of relationships 
between AUGLAIC and efficiency: 
Relationships of efficiency and AUGLAIC for crop 2 was significant (P<O.01). Regression 
equation for crop 2 was: 
. Efficiency = 3.3 + 0.0144 (AUGLAIC) seb = 0.00371 R2 adj = 0.61. 
Relationships of efficiency and A UGLAIC for crops I, 3 to 7 were not significant (P>O.05). 
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Table 6.2: Harvest Index for plants in individual plots In the 1987/88 and 1988189 crops. 
Disease 
Ranking' 
1987/88 1988/89 
Crop 1 b Crop 2 Crop 3 Crop 4 Crop 5 Crop 6 Crop 7 
1 0.51C 0.45 0.51 0.61 0.56 0.56 0.54 
2 0.52 0.50 0.44 0.52 0.57 0.58 0.54 
3 0.52 0.49 0.58 0.54 0.57 0.52 0.55 
4 0.57 0.59 0.52 0.54 0.57 0.56 0.54 
5 0.55 0.56 0.56 0.54 0.59 0.52 0.52 
6 0.57 0.52 0.52 0.59 0.53 0.53 0.51 
7 0.55 0.49 0.57 0.59 0.53 0.56 0.49 
8 0.61 0.55 0.57 0.62 
9 0.55 0.61 0.59 0.51 
10 0.54 0.51 0.55 0.51 
Mean 
SD 
0.55 
(0.030) 
0.53 
(0.050) 
0.54 
(0.045) 
0.56 
(0.042) 
0.56 
(0.022) 
0.55 
(0.024) 
0.53 
(0.021) 
• 
b 
c 
Disease severity was ranked according to area under the green leaf area index curve 
(AUGLAIC; m2/m2.days) values (Figure 4.7): 1 = highest AUGLAIC value, generally full 
disease control; 10 (1978/88) or 7 (1988/89) = lowest AUGLAIC value, generally nil disease 
control. 
High (crop 1) and low (crop 2) input, early crops sown on 17 September 1987 and high (crop 
3) and low (crop 4) input, late crops sown on 3 December 1987. High (crop 5), medium (crop 
6) and low (crop 7) input crops sown on 20 September 1988. 
Effect of disease on harvest index was detennined by regression analysis of relationships 
between AUGLAIC and harvest index: 
Relationships of harvest index and AUGLAIC for crops 1 and 7 were significant (p<0.05). 
Regression equations for crops 1 and 7 were: 
crop 1 Harvest Index = 0.60 - 0.00036 (AUGLAIC) seb = 0.000129 R2 dj = 0.44 
crop 7 Harvest Index = 0.41 + 0.00162 (AUGLAIC) seb= 0.000463 Rfadj = 0.65 .. 
Relationships of harvest index and AUGLAIC for crops 2 to 6 were not significant (p>0.05). 
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Figure 6.2: Relationship of grain yield (gDM/m2) of barley (cv. Triumph) and accumulated PAR Intercepted by 
green leaves (MJ/m2) In the A) 1987/88 and B) 1988/89 crops. 
A: High (crop 1; • ) and low (crop 2; ... ) Input, early crops sown on 17 September 1987 and hlgb (crop 3; • ) and 
low (crop 4; ~ ) Input, late crops sown on 3 December 1987. B: high (crop 5; 0 ), medium (crop 6; b. ) and low 
(crop 7; 0 ) Input crops sown on 20 September 1988. 
Regression equations for each crop, and all crops (crops 1 to 4; crops 5 to 7; crops 1 to 7), In the form of 
Grain yield = a + b (Accumulated PAR), were: 
Crop Regression Parameters 
a b (se.,> R2.cU 
1 85.0 1.93 (0.322) 0.80 '" 
2 34.2 2.52 (0.612) 0.64" 
3 22.9 1.69 (0.381) 0."·· 
4 -1.9 2.10 (0.291) 0.85··· 
lto4 -18.0 2.42 (0.156) 0.86 ••• 
5 -103.4 1.72 (0.259) 0.88" 
6 -19.9 1.51 (0.368) 0.72·· 
7 59.3 1.42 (0.188) 0.90··· 
5 t07 59.1 1.35 (0.062) 0.96··· 
Ito 7 120.0 1.35 (0.099) 0.76 , •• 
.', ,.. Models significant at P<O.OI and 0.001 respectively by F test. Regression coefficients (slopes) for each crop 
are presented In the figure. 
Slope linear contrasts: t values for crops In: 
1987/88 (0.641) not significant (P>0.05; to.os= 2.060 ISdf) 
1988/89 (0.844) not significant (P>0.05; to.os= 2.20111df) 
both years (0.515) not significant (P>0.05; to.os= 2.027 36df). 
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6.4 DISCUSSION 
Analysing growth and yield in tenns of accumulated PAR intercepted by the green canopy, 
If and harvest index could describe changes in dry weight and grain yield caused by foliar 
pathogens. 
Dry matter production was proportional to accumulated PAR intercepted by the green 
leaves of the canopy in each crop infected with disease. Similar results have been found in 
take-all (Gaeumannomyces graminis (Sacc.) Arx and Olivier var. tritici Walker) infected 
wheat crops (Green and Ivins, 1984), field beans infected with Ascochytajabae Speg. 
(Madeira et al., 1988) and potatoes infected with Phytophthora injestans (Haverkortand 
Bicamumpaka, 1986). The main effect of leaf rust was to reduce the total size of the 
canopy, and the fraction of leaf area which was green. Disease resulted in fewer tillers 
with smaller leaves and senescence of leaves occurred earlier. Consequently, the fraction 
of radiation intercepted by diseased canopies was reduced and less radiation was available 
for dry matter production. Disease had little effect on the efficiency with which radiation 
was converted to dry matter. Most studies have also found that If has not been influenced 
by foliar or root diseases (eg. take-all in wheat, Green and Ivins, 1984; late blight in 
potatoes, Haverkort and Bicamumpaka, 1986; Ascochytajabae in beans, Madeira et al., 
1988). 
Total dry matter production is usually not the major interest in crop production and crop 
protection. In regional crop loss estimation, grain yield and yield loss are the main 
interests. Grain yield depends not only on the radiation intercepted by green leaves but 
also on the proportion of assimilate partitioned to the grain (ie. harvest index). In these 
experiments, leaf rust had little effect on harvest index. Similarly, harvest index is often 
not affected by foliar diseases (eg.leafrust and scald in barley, Wright, 1987; Ascochyta 
jabae in field beans, Madeira et al., 1988). In contrast, Green and Ivins (1984) reported 
that harvest index for wheat infected with take-all was greatly reduced. However, the take-
all fungus affects plant function in a different way to foliar pathogens by infecting the 
roots and stem-base. In diseases which do not affect harvest index and radiation use 
efficiency, variation in grain yield can be explained solely by differences in radiation 
interception by green leaves integrated over the season. 
The linear relation between total dry matter (Figure 6.1) and grain yield (Figure 6.2) and 
accumulated PAR were used to re-examine the thesis hypothesis. Regression slopes were 
not affected by crop yield potential. This analysis confmns the results in Chapter 4, in 
which it was concluded that crop yield potential did not affect the relationship between 
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AUGLAIC and yield. Therefore, in barley, actual yield loss caused by leaf rust was not 
influenced by the potential yield of the crop. 
The accumulated PAR models were also used to examine the growth of the independent 
barley crops ofG. Whelan (1992). The fraction of incident radiation intercepted by the 
crop canopy was not measured on a regular basis and was estimated indirectly from GLAI 
(Equation 3, Appendix XII) based on the method of Gallagher and Biscoe (1978b). Total 
dry matter production and grain yield of these crops were proportional to accumulated 
PAR (Figure 6.3a,b) and the model could explain the observed deviations from the 
AUGLAIC:yield model (Figure 4.8). The barley crops ofG. Whelan (1992) had large 
leaves and high green leaf area indices (eg. up to 9.4 for an early spring sown crop). 
Radiation interception increases linearly with leaf area index up to an index of 3 to 5, with 
95% of radiation being intercepted (Biscoe and Gallagher, 1978). Leaf area indices above 
these values do not increase interception by the canopy. In addition, irradiance decreases 
exponentially in the canopy. Radiation intensities at the base of the canopy are lower and 
leaves at this level contribute little to net canopy photosynthesis (eg. <9%; Biscoe et al., 
1975). The high leaf area indices in the barley crops of G. Whelan (1992) may not 
contribute to increased radiation interception and grain dry weight. Hence, AUGLAIC 
based models would have overestimated grain yield in the crops with high green leaf area 
indices. Yield of these crops may have been limited by the number of grains per unit area 
(ie. sink limited). 
Stress, for example, disease or water and nutrient shortages may modify the distribution of 
leaf in the canopy (Legg et al., 1979; Muchow, 1985) and the proportion of 
photosynthetically active tissue intercepting radiation (Thorne et al., 1988). Equation 3 
(Appendix XII) may lead to inaccurate estimates of radiation interception because of 
inherent assumptions about the geometrical arrangement and distribution of leaves and the 
extinction of radiation within the canopy (Szeicz, 1974b; Fasheun and Dennett, 1982; 
Khurana and McLaren, 1982; Thorne et al., 1988). Direct measurements of radiation 
interception give a realistic estimate of canopy structure compared with a mathematical 
function (ie. Equation 3, Appendix XII), and therefore should be used for estimation of 
seasonal PAR in stressed crops. 
Models based on accumulated interception of PAR can be used to describe many of the 
effects of disease and other constraints on plant growth which are not represented by GLAI 
alone. In AUGLAIC:yield models, the amount and duration of gr~en leaf area are assumed 
to be the main factors controlling grain yield. This simplification may not always be true. 
Models based on PAR account for differences in incident radiation, canopy structure, 
radiation interception by green leaves, e and harvest index which are important in 
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Figure 6.3: Relationship between A) total dry matter (gDM/m2) and B) grain yield (gDM/m2) of barley (cv. 
Triumph) and accumulated PAR Intercepted by green leaves (MJ/m2j estimated from Equation 31n Appendix 
vm In the 1987/88 and 1988/89 crops and Independent data of G. Whelan (1992) (* crops sown In • mid-
wlnterj b early-sprlngj C late-sprlngj and d mid-summer). 
High (crop 1; .) and low (crop 2j A ) Input, early crops sown on 17 September 1987, high (crop 3j • ) and low 
(crop 4j "If ) Input, late crops sown on 3 December 1987 and high (crop 5j 0 ), medium (crop 6j 6) and low 
(crop 7j 0 ) Input crops sown on 20 September 1988. 
Regression equation for all crops (crops 1 to 7j line on figure) In the form of Total Dry Matter = a + b (Accumulated PAR) 
was Y = -133.4 + 3.03 (Accumulated PAR) se(b) = 0.121 R2 adJ = 0.92. Modelslgnlncant at P<O.OOI by F test. 
Regression equation for all crops (crops 1 to 7j line on figure) In the form of Grain Yield = a + b (Accumulated PAR) 
was Y = -70.1 + 1.63 (Accumulated PAR) se(b) = 0.062 R2adJ = 0.94. Model significant at P<O.OOI by F test. 
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detennining dry matter production and grain yield. In investigations which examine the 
physiological basis of disease-induced yield loss, measurement of green area index~ 
radiation interception and accumulated PAR will improve the understanding of the effect 
of disease on host growth and yield. 
Regional estimates of crop loss could be derived from both the accumulated PAR and 
AUGLAIC:grain yield models because actual yield loss was not affected by crop yield 
potential. The accumulated PAR:grain yield model is less suitable than the 
AUGLAIC:yield model for accurate estimation of actual yield as the intercepts for each 
yield potential crop were different (Figure 6.2). This was because management inputs and 
environment had an effect on plant e and harvest index in healthy crops. 
The implications of, and means of accounting for crop yield potential in the estimation of 
regional crop loss, are discussed in Chapter 7. 
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CHAPTER 7 
GENERAL DISCUSSION AND CONCLUSIONS 
7.1 EFFECT OF CROP YIELD POTENTIAL 
The influence of crop yield potential on the response of barley yield to disease was 
investigated in crops with a wide range of yield potentials and disease severities. The yield 
response was examined using several dependent (per cent yield and actual yield) and 
independent variables (per cent disease severity, green leaf area index (GLAI), intercepted 
photosynthetically active radiation (PAR), canopy near-infrared (NIR) reflectance) and 
model types (single point, multiple point and area under curve). Some variables and model 
types were considered inappropriate for defining the actual response of yield to disease in 
crops with a range of yield potentials. Disease measurements of GLAI and accumulated 
PAR intercepted by green leaves were the best measurements for defining the actual 
response of yield to disease in a physiologically meaningful manner. Yield loss was best 
described as actual yield (gDM/m2) because actual yield units expressed the crop yield 
potential and the yield loss response was not distorted as in models based on per cent yield 
loss units. Integral and summation models summarised the seasonal effects of disease on 
crop growth and yield. Yield potential did not affect the actual response of yield to disease 
in the range of yield potential crops tested (323 to 806gDM/m2), based on models of actual 
yield and area under green leaf area index curve (AUGLAIC) and accumulated PAR 
intercepted by green leaves. 
Crop yield potential is likely to have no effect on yield loss in other barley cultivars or 
temperate cereaVpathogen systems which have similar yield potentials and reactions to 
environmental and disease conditions. This is because genetic variation within a single 
barley cultivar and between temperate cereals is small (Fischbeck, 1991) and results in 
similar growth habits and yield strategies. In wheat infected with Gaeumannomyces 
graminis, loss of yield was proportional to the reduction in green leaf area and hence, 
intercepted radiation (Green and Ivins, 1984). Cereals have growth strategies and yield 
development patterns different to those of many other crop species. Yield potential 
development in cereals involves many stages which are rigidly structured (Gaunt, 1987a). 
There is little flexibility for increasing the yield potential once the yield potential for each 
stage has been set. In indeterminate crops, in which the harvested portion of the crop is a 
tuber or root (eg. potatoes, beets), growth and yield development is less structured than 
cereals. The accumulation of starch in the root or tubers is directly related to the current 
capacity to produce and transport assimilates and thus foliar disease constraints to these 
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processes will have a direct effect on yield. It is considered that crop yield potential of 
indetenninate crops will have little or no effect on yield loss caused by diseases which 
affect green leaf area development. In crops other than barley, further experimentation is 
required to conftrm that crop yield potential has no effect on yield loss caused by disease. 
The response of yield to disease constraints in crops with different yield potentials may be 
influenced by the sensitivity of the crop growth stage and cultivar to pathogen infection. 
In this study, disease epidemics had similar starting dates and progression through the 
season and caused yield loss by affecting the same yield components (ie. ear number per 
square metre and individual grain weight) in all yield potential crops. However, the time 
of disease stress (eg. early, late epidemics) may affect the development of yield 
components differently in other crops. For example, Lim (1982) found that low amounts 
of infection by leaf rust during early crop growth caused actual yield losses greater than 
those caused by similar amounts of leaf rust during later growth stages. Evidence 
presented in Chapter 4 (section 4.4.4; Figure 4.8) suggests that estimates of actual yield 
loss in crops with different yield potentials may not be affected by the timing of disease 
epidemics, if loss is estimated by the AUGLAIC:yield model. The validation data 
(Appendix IX) of Jenkyn (1976) and Lim (1982) included experiments with different 
epidemic timings. Further investigation is warranted to conftrm that the yield response of 
crops with different yield potentials to epidemics with different timings can be accounted 
for by models based on AUGLAIC and yield. 
The sensitivity of crops with different yield potentials to disease constraints may be further 
affected by the ability of the plant to compensate for early losses in potential yield by later 
detennined components. No compensation by yield components for early disease 
constraints was observed in these crops and those of Teng (1978), Scott and Grifftths 
(1980), Carver and Griffiths (1981, 1982), Lim (1982), Wright (1987), Deadman and 
Cooke (1987) and Yang and Zeng (1989). This may be because the residual effects of 
early infection, such as reduced green leaf area (Lim and Gaunt, 1986a; Yang and Zeng, 
1989), root development (Balasubramaniam, 1985) and stem carbohydrate levels (Carver 
and Griffiths, 1982; Wright, 1987), continued to constrain yield development. In 
Canterbury, yield components detennined late in the season have been shown in a few 
cases to compensate for early restrictions to growth and yield development caused by 
disease. Grain weight in wheat infected by Mycosphaerella graminicola 
(Balasubramaniam, 1985; Thomson and Gaunt, 1986) compensated for reductions in grain 
number in seasons with unusually high rainfall during grain mling. In the diseased plants, 
high water availability during grain filling may have extended the green area duration or 
increased the retranslocation of stem carbohydrate reserves to the grains, relative to the 
healthy plants. Estimates of yield loss by use of the AUGLAIC:yield model will be 
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accurate if increased yield is due to increased green leaf area duration, because this model 
accounts for green leaf area duration. Yield loss estimates may be inaccurate when 
retranslocation of stem reserves is a major contributor to grain weight. Estimation errors 
are likely to be small in most cases because compensation occurs infrequently and may not 
contribute greatly to final grain yield. 
The yield response of cultivars with different sensitivities to pathogen infection may not be 
the same (MacKenzie, 1983; Gaunt, 1987a). For example, Spadafora et al. (1987) found 
that two wheat cultivars grown in the same environment had different yield responses to 
the same amount of disease severity. Cultivars may differ in the stage of crop growth at 
which they are most constrained by disease. For example, one cultivar may have more 
GLA than is required to maintain growth than another and thus may be able to lose more 
photosynthetic potential by infection, without suffering a correspondingly greater yield 
loss. Cultivars may also differ in the infection threshold required to induce a loss in yield. 
Lim and Gaunt (1986a) found that the barley cultivar Georgie was more sensitive to low 
disease severities than the cultivars Zephyr and Manapou. Differences in cultivar 
sensitivity may modify the response of yield to pathogen infection in crops with different 
yield potential. Information on the amount of yield loss of cultivars to disease is available 
in the literature (eg. Hartleb and Gerlach, 1986; Beer et al., 1990). However, lack of 
information on plant growth and yield component development in different cultivars limits 
the understanding of cultivar sensitivity to pathogen infection and this warrants further 
investigation. Cultivars may also have different development strategies which may 
influence the sensitivity of yield potential to disease constraints. For example, a cultivar 
which produces few tillers may lose more yield than a cultivar which produces many 
tillers, when infected with early disease. The importance of differences in cultivar 
development strategies needs investigation before accurate yield loss estimates can be 
made by a single model for different cultivars. 
The effect of yield potential on diseased-induced yield loss has been discussed previously 
at the crop level. Yield potential may influence yield loss at the plant level and thus be 
important in surveys for regional crop loss estimation. In surveys, single tillers or plants 
are usually sampled in individual crops for disease incidence or severity (Kranz, 1988). 
Inaccurate estimates of yield loss may occur if loss is calculated from a single disease:yield 
loss model and the response of yield to disease is affected by plant yield potential. This 
may occur in surveys with stratified sampling patterns in which plants with the same yield 
potential are sampled selectively. Random sampling patterns are less likely to selectively 
sample plants with the same yield potential. In this study, leaf rust affected barley yield by 
reducing the average green leaf area of eight plants sampled from each yield potential crop 
(Chapter 4). Yield loss of individual plants infected with leaf fungal diseases has also been 
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related to the loss of green leaf area (Lim and Gaunt, 1986a). Actual loss in crops 
constrained by disease was not affected by crop yield potential. This loss response may ~ 
therefore occur at the plant level within an individual crop. Further experimentation is 
needed to confmn the impact of within field yield variability on estimates of loss caused 
by disease for regional crop loss assessment. 
7.2 CHOICE OF MODEL VARIABLES AND MODEL TYPE 
Measurement of GLAI and intercepted PAR are time consuming and labour intensive and 
are not currently suitable for routine assessment of the effect of disease on yield at a 
regional scale. Alternative methods are required for regional crop loss assessment. The 
response of yield to disease in crops with different yield potentials was affected by the 
choice of model variables and model type. Actual yield loss in the high yielding crop 
(crop 1) was about four times that of the low yielding crop (crop 4), when disease was 
measured as %DS at GS 70 (Figure 4.1 b). Estimation of yield loss in other barley crops 
will be inaccurate if calculated from a model of the mean actual yield loss for the four 
crops in this study. Estimation of actual yield loss will be more accurate if calculated from 
separate equations for each yield potential crop. Separate equations can account for the 
differences in yield loss response of each crop to disease, which is discussed in section 7.3. 
Yield loss estimates will also be inaccurate if calculated from models based on the mean 
yield loss for relationships of AUDPC and per cent yield (Figure 4.4a) and actual yield 
(Figure 4.4b). However, errors in estimation of yield loss will be smaller when calculated 
from these models compared to those for the model of %DS (GS 70):actual yield. 
Proportional yield loss caused by disease was not affected by the crop yield potential 
between 336 and 760gDM/m2, when disease was measured as %DS at growth stage 70 
(Figure 4.1a). The single model derived for these crops (Equation 4.2) was not validated 
with data from the 1988/89 experiment, but can be compared with models in the literature 
(Table 7.1). The large differences in per cent yield loss values, per unit of %DS (range 
0.35 to 1.1 % and 0.4 to 1.5% for models derived in New Zealand and United Kingdom 
respectively), may be because of the effect of crop yield potential and/or differences in 
experimental methodology. Differences in methodology, for example, leaf position for 
%DS measurements (Table 7.1: King and Polley, 1976 and Teng, 1978; Teng et al., 1979) 
had a large effect on the regression slope values. Estimates of yield loss may therefore be 
inaccurate in crops with different yield potentials and may limit the use of single point 
models based on per cent yield and %DS in surveys of crop loss. Further study on the 
effect of per cent yield and %DS variables on regression slope values is required before 
this model can be considered for use in surveys of crop loss. 
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Table 7.1: Single point models of per cent yield and per cent disease severity· (% DS) for 
spring barley crops infected with leaf rust. 
Regression R2c: GSd Leaf Position Crop Yield Location Reference 
Slope (b) for Disease Potential 
Valueb Measurementse (tDMlha) 
-1.10 0.73 70 lto3 7.6 New Zealand this study' 
-0.83 0.64 70 lto3 3.4 New Zealand this study 
-0.74 0.84 70 lto3 6.5 New Zealand this study 
-0.67 0.73 70 lto3 3.5 New Zealand this study 
-0.77 0.70 70 1103 3.4 to 7.6 New Zealand this studyll 
-0.50 0.78 70 main stem 6.3 New Zealand Lim (1982) 
-0.53 0.45 73n4 1 5.8 New Zealand Teng (1978) 
-0.35 0.62 73n4 2 5.8 New Zealand Teng (1978) 
-1.50 0.53 75 plant 3.4 Wales . Udeogalanya and 
-0.60 0.64 75 plant 2.9 Wales Clifford (1982) 
-0.77 0.60 75 2 2.5 to 4.6 England Melville et al. (1976) 
-0.60 NA 75 1 3.1 to 4.8 England King and Polley (1976) 
-0.40 NA 75 2 3.1 to 4.8 England King and Polley (1976) 
• Measured as pustule area plus associated chlorotic area in all studies except Teng (1978) and 
Udeogalanya and Clifford (1982) where pustule area only was measured. 
b 
c: 
d 
e 
, 
Regression equations are in the fonn; 
% Yield = a + b (%OS at indicated growth stage). 
Regression equations were calculated from raw data of Lim (1982). 
R2 values were not adjusted for degrees of freedom except for models presented in this 
study. 
Decimal growth stage (Zadoks et al., 1974). 
Number of leaf from top of mainstem. 
See Figure 4.1a. 
II Equation 4.2 (section 4.3.1). 
NA = infonnation not available. 
114 
7.3 IMPLICATIONS OF YIELD VARIABILITY 
Variation in potential yield is relevant for the estimation of yield loss, although the 
importance of variation will depend on the amount of variation present in the area for 
which loss estimates are required. Until recently, the potential yield of cereal crops in the 
Netherlands was very stable within and between years because of the relatively uniform 
climate, soil and topography, high inputs of pesticides and fertilisers and similar sowing 
dates. Estimates of loss by pest management systems like EPIPRE have been relatively 
accurate in crops grown in the Netherlands (Zadoks, 1989). Concern about over-
production of grain, financial returns and the environmental effects of frequent 
applications of pesticides and fertilisers to large areas (Zadoks, 1989; Drenth et al., 1989; 
Fischbeck, 1991) has lead to a reduction in the use of pesticides and fertilisers and hence, 
an increase in the range of potential yields for the region. Estimation of loss may be less 
accurate in the future if disease:yield loss models have not been derived from data that 
included yield variation. 
Variation in crop yield potential at the regional scale can be accounted for by four types of 
empirical models; separate equations for each yield potential crop, robust models, 
inclusion of a form function for yield potential and choice of disease and yield variables 
which integrate yield potential. Separate disease:yield loss equations are required when 
there is a different response of yield to a similar amount of disease in crops with different 
potential yields. In this study, individual models for each yield potential crop were needed 
when actual yield was estimated from %DS measurements at GS 70 (Figure 4.1 b). 
Derivation of individual models suitable for every level of potential yield present in a 
region requires many experiments and is often not practical in many disease:yield loss 
studies. The number of models required to estimate yield loss can be reduced by 
delineation of crops into categories of similar yield potential. Crops can be delineated into 
zones on the basis on meteorological data (eg. rainfall records in dry areas and incident 
radiation in damp and cloudy areas), soil characteristics (eg. depth, water holding capacity, 
fertility) and expert advice. For example, yield loss in Canterbury, New Zealand (yield 
potential range of 2.2 to 9 tDM/ha; B. McCloy pers. comm.) could be estimated by using a 
minimum of four zones. Fewer models are required if the regional variation in yield 
potential is small. Regional crop loss estimates based on this approach will be accurate 
provided the variation in yield potential in each zone is small. This method is a practical 
approach to accounting for yield potential but has not been used commonly in regional 
crop loss estimation. 
Robust models derived from experiments in a range of climates and management practices 
(Gaunt and Robertson, 1989) will be accurate predictors of yield loss providing that the 
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original models explained a large proportion of the variation in loss and are not used 
outside the intended range of inputs. An example of a robust model in this study was the ' 
single model of per cent yield loss and %DS measured at OS 70 (Figure 4.1a). The 
amount of variation in yield explained by measurements of %DS was acceptable (see 
section 1.3) (R2 adj=O.70) in this model. However, loss estimates will be inaccurate in some 
crops, therefore this model may not be suitable for all purposes. In some investigations, 
robust models have been derived by averaging the variable response of yield to a given 
amount of disease for all crops tested in the study. These models may not accurately 
estimate loss because of the variable yield response of each crop to disease constraints. 
Major shifts over time in management practices, such as crop rotation, tillage system or 
cultivar type, may change potential or mean yield and therefore existing robust models 
may be invalid. Robust models should be validated before being used in new management 
systems or climatic zones. 
Inclusion of a mathematical form function in empirical models provides a simple means of 
accounting for crop yield potential. For example, EPIPRE has a variable function (s) 
included in the equation used to predict yield loss in wheat caused by aphid damage at 
different yield potentials (Rabbinge and Rijsdijk, 1984). Yield loss was proportional·to 
damage caused by aphids at yield levels less than 7.5t/ha. At yield levels between 7.5 and 
8t/ha, yield loss, per unit of aphid damage, was higher than at lower yield levels. 
Identification of form functions is difficult because experiments with many yield potential 
crops are required. However, the implementation of this approach is practical and loss 
estimates are accurate providing the original experimentation used to identify the 
disease:yield loss relationships includes a large number and wide range of yield potential 
crops. 
Empirical models based on disease measurement methods and yield loss units which 
account for crop yield potential are more likely to be successful at estimating loss in crops 
grown in different production environments than the previous approaches. In this study, a 
single model of AUOLAIC and yield (Figure 4.7) was derived from crops with yield 
potentials ranging from 323 to 806gDM/m2 infected with leaf rust. This model explained 
most of the variation in yield (R2 adj=O.94) for these crops, and for data from two 
disease:yield loss studies in the literature, but was not suitable for use in some other barley 
crops (Figure 4.8). Measurement of radiation intercepted by green leaves accounted for 
many factors (incoming radiation, radiation use efficiency, harvest index, canopy structure) 
which contribute to dry matter and yield development, and was used to estimate accurately 
the grain yield for spring and autumn sown barley crops with a yield potential range of 323 
to 955gDM/m2 (Figure 6.3). Single models which account for yield potential are more 
practical to use than separate models for each yield potential crop or robust models 
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because only one equation is required for yield loss estimation. Loss estimates using 
single models will be accurate providing the model was developed from a large number of 
different yielding crops (at least five) which include the extreme levels expected in the 
region. The advantage of these models compared to those in the previous approaches is 
that accurate loss estimates are more likely to be made for crops in environments outside 
the range intended in the original experimentation because the models have a strong 
physiological basis. Direct measurements of GLAI in the field are time-consuming and 
difficult and are not practical for most surveys. Potential yield for each field could be 
estimated by NIR radiation reflected from crop canopies measured early in the season (ie. 
after tillering and before ear emergence in spring sown cereals in Canterbury) before 
constraints affect crop growth (Wiegand and Richardson, 1990). Estimation of yield 
potential by reflectance early in crop growth will not be accurate for crops infected with 
early disease, as found in this study. 
Regional crop loss can be estimated from actual yield at harvest when a reliable 
disease:yield loss model is not available, or the yield potential and disease intensity are too 
variable for a model to be accurate in estimating losses (Walker, 1983). Results from this 
study showed that actual yield at harvest could be estimated accurately from measurements 
of NIR radiation reflected from healthy and diseased crop canopies at late growth stages. 
Reflectance measurements at GS 85 to 87 were used to explain most (R2adj=0.94) of the 
variation in yield in the seven crops with a wide range in yield potentials, infected with 
leaf rust (Figure 5.4b). Surveys based on one measurement of reflectance are 
advantageous for cost efficiency reasons. Disease and other constraints, such as water 
availability, which develop after this growth stage are unlikely to have a large effect on 
harvested yield. Reflectance can not be used to estimate disease-induced yield loss 
directly. This is because reflectance measures other factors which can constrain green area 
development (eg. water, nutrient stress). Ground-truthing (confirmatory infonnation 
gathered by actual visits to the target field) of disease intensity, plant nitrogen and water 
status or study of rainfall records, in addition to reflectance measurements may improve 
the estimation of regional crop losses. 
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7.4 FUTURE STUDIES AND OTHER ISSUES 
The effect of crop yield potential on the relationship between leaf rust and yield or yield 
loss was investigated in one barley cultivar only. The effects of yield potential found in 
this study may be different for cultivars with different yield potentials and tolerance to 
disease and for other pathogen/indeterminate crop systems. Investigation of the effect of 
cultivars and other pathogen and crop types on the disease:yield loss response is required 
before conclusions made about the effect of yield potential on yield or yield loss found in 
this study can be used in other situations. 
Reflectance of NIR has the potential to be used as a routine method of disease 
measurement and for the accurate estimation of yield loss. Reflectance can be used to 
estimate green area index indirectly and assess if this amount is sufficient to support the 
yield potential of the crop. With further development of reflectance technology it may be 
possible to assess yield limiting damage by ground, air or satellite remote sensing. 
Application of reflectance for identification of disease and other plant stresses could be 
improved by use of narrow wavebands, several spectral indices (eg. thermal and 
microwave, Demetriades-Shah and Kanemasu, 1989) and additional agronomic and . 
meteorological information. Ground-truthing may still be required to identify the 
constraint to yield. Use of reflectance in regional crop loss estimation may be constrained 
by the requirements for uniform soil and stable weather conditions. However, Pe1ersen 
(1989) has indicated that a NIR-based index was largely insensitive to soil surface wetness 
and cloud cover when used in cereal crops. Further research on these aspects may enable 
the practical application of reflectance for regional crop loss estimation. 
The non-replicated experimental design generated a large number of disease and yield 
potential treatments. This allowed the response of yield to disease in crops with a wide 
range of yield potentials to be dermed. This method of design was justified because a 
large proportion of variation in yield was explained by disease measurements in most 
disease:yield loss models developed. In addition, results were similar to those from 
replicated experiments with similar pathogen and crop species. Gradients of grain yield in 
both fieldswe~examined by measurements of yield for plots with the same disease 
treatment. The design used in these experiments could be further improved by having 
additional small plots with the same disease treatments to determine more accurately 
whether yield varies with direction. Long narrow areas of crop with the same disease 
treatment arranged between crops (eg. Shaw and Royle, 1987) is an alternative method for 
examining gradients. This method was not possible in these experiments because of the 
requirement of buffer areas for the mechanical application of water, nitrogen and fungicide 
sprays. Based on these studies it is recommended that non-replicated designs with 
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randomised plots be used for future studies of the response of yield to disease, particularly 
if resources are limited. 
The importance of PAR intercepted by canopy green tissue shown in this study has 
implications for future studies of disease:yield loss relationships in other pathogen/host 
systems. Photosynthetically active radiation intercepted by green leaves should be used to 
measure the effects of pathogens which limit yield by reducing the amount of 
photosynthetic tissue. This measurement provides a better understanding of the 
physiological basis of loss than OLAI measurements alone, and enables accurate estimates 
of yield loss when applied to many crops. Green leaf area index and PAR measurements 
are more suitable as input or driving variables in mechanistic crop growthlpathogen 
models than for use in disease surveys. 
Plant growth simulators that relate plant growth and environmental factors 
mechanistically, coupled with pest population submodels, have been suggested as the best 
, method to improve analysis of pest-induced losses (Rouse, 1983, 1988; Johnson et ai., 
1986). These mechanistic models attempt to estimate the potential yield of the crop by 
modelling crop growth and development at several physiological process levels ie. 
photosynthesis, assimilate partitioning. This allows for the effect of the pathogen on these 
processes to be incorporated. Although one or more of the processes may contain much 
mechanistic detail, many are often empirically based (Pace and MacKenzie, 1987) and 
limit the number of coupling points for disease submodels (Teng, 1985a; Rickman and 
Klepper, 1991). Another major obstacle to the development of such models is the lack of 
physiological and biochemical explanation of the effect of disease on host processes and 
yield response (Hau, 1988; Rickman and Klepper, 1991). For example, the relationship 
between fungal mass, per unit host mass, and rate of photosynthesis or transpiration, has 
not been adequately defined. The development of these models is therefore difficult, 
complicated, time-consuming and expensive (Johnson et ai., 1986; Rickman and Klepper, 
1991). In coupled models, disease infection should be treated as a normal constraint to 
production along with other factors such as water, temperature and radiation. Results from 
this study have shown that the main effect of leaf rust was to reduce photosynthetic area. 
A high proportion of the variation in yield was accounted for by reduced green leaf area 
and radiation interception. In coupled crop growth/foliar pathogen models, attention 
should be focused on the linking of pathogen effects to green area development. Yield or 
yield loss estimates from coupled crop growth/pathogen models are predicted to be more 
widely applicable than those from empirical models because of their explanatory nature 
(Rouse, 1983). However, it may not be necessary to model the effect of disease on yield in 
such a complicated way to understand or estimate crop yield or losses at a field or regional 
level. The validity and simplicity of the host-based models presented in this study, the 
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acceptable accuracy of their estimation and their generality for a wide range of yield 
potential crops make these models attractive for understanding disease:yield loss 
relationships (eg. AUGLAIC and PAR models) and for regional crop loss estimation (eg. 
NIR reflectance model). 
7.5 CONCLUSIONS 
Disease:yield loss models used in disease surveys are usually based on the assumption that 
proportional or actual yield loss is the same in all crops, regardless of their yield potential. 
This assumption was found to be incorrect in many of the disease:yield loss models 
derived from seven crops with a wide range of yield potentials (323 to 806gDM/m2). The 
importance of crop yield potential in disease:yield loss modelling depends on the amount 
of variation in yield potential present in the region and the choice of yield loss units, 
disease measurements and model types. 
Large variation in regional crop yield potential can be accounted for by using either 
separate equations for each yield potential crop category, robust models, inclusion of a 
form function for yield potential or choice of disease and yield variables which integrate 
yield potential. Choice of model is less restrictive for accurate yield loss estimates in 
regions with a narrow range in crop yield potential, providing the measurement of disease 
can explain an adequate amount of variation in yield loss. 
This study has demonstrated that models derived from host-based measurements (eg. green 
leaf area (GLA), accumulated photosynthetically active radiation (PAR» and actual yield 
can account for crop yield potential and the response of yield to disease. These models 
enable transportability to other environments and yield potential crops. Models based on 
GLA or accumulated PAR are useful for understanding the physiological basis of disease-
induced yield loss but are not practical for regional crop loss estimation. Reflectance of 
near-infrared radiation (NIR) from crop canopies was a rapid, accurate and precise method 
of measuring the effects of foliar disease on crop growth and yield development in crops 
with different yield potentials. Reflectance of NIR has potential for regional crop loss 
estimation. 
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APPENDIX I 
Soil test values for the two experimental sites. 
• 
b 
Measurement Year 
1987/88 1988/89 
pH 5.9 6.0 
Calcium· 250 175 
Magnesium· 17 13 
Potassium· 40 44 
Phosphate· 0.8 0.9 
Sulphateb 1.2 1.6 
Values detennined by MAP Quicktest (Cornforth, 1982). Units are Jlg/ml in extract. 
Value detennined by methodology of Saunders et al. (1981). 
APPENDIX II 
Arrangement of plots in the 1987/88 experiment (dimensions in metres). 
21 
Crop 1" { \ { N Crop 2 
Crop 4 { 
QI 
Crop 3 { 
D 
III 
D 
III 
A Replication of the full fungicide spray programme treatment (treatment 10; see Figure 2.1a,b for 
details) in each crop. 
B Replication of treatment 5 in each crop. Treatment 5 had four rust sprays from growth stage 70 to 88 
in the 1897 high (crop 1) and low (crop 2) input crops sown on 17 September, and three rust sprays at 
growth stages 21, 61 and 75 in the 1987 high (crop 3) and low (crop 4) input crops sown on 3 . 
December (Figure 2.1a,b). 
a High (crop 1) and low (crop 2) input, early crops sown on 17 September 1987 and high (crop 3) and 
low (crop 4) input, late crops sown on 3 December 1987. 
~ Buffer areas planted with barley (cv. Triumph) before establishment of plots to provide an inoculum 
~ source of disease. 
Arrangement of plots in the 1988/89 experiment (dimensions in metres). 
Crop 58 { 
Crop 6 { 
I\) 
0 
Crop 7 { D 
III 
0 
A Replication of the low input treatment with the full fungicide spray programme (treatment 8; see 
Figure 2.1c for details). 
a High (crop 5), medium (crop 6) and low (crop 7) input crops sown on 20 September 1988. 
~ Buffer areas planted with barley (cv. Triumph) before establishment of plots to provide an inoculum 
source of disease. 
II Buffer areas for beginning and finishing irrigation runs. 
APPENDlxm 
Arrangement of sampling areas within each plot in the 1987/88 experiment. 
'i(c!Jll!ensio!lsin metreS)1 
KEY: 
N 
... 
10 
N 
10 
..: 
2.3 1.5 1 0.9 1 2.3 11 14 .14 .14 ·W t 
·1 
II I I 
" 
I 
:~ 
•• 
. ~ 
• 
. ~ 
:~ 
•• 
:~ 
• • 
• • 
• Quadrat areas (0. 1m2) sampled at maturity for yield and yield components. 
00 Reflectance of near infrared radiation (Chapter 5) and canopy radiation interception (Chapter 
6) were measured in one of these areas (lm2) at each sampling date. Sample areas were pre-
randomised. Shaded box represents area (0.2m2) where eight plants were sampled for green 
leaf area (Chapter 5) and fraction of total leaf area which was green (Chapter 6). 
~ Area where eight plants were sampled for green leaf area measurements (Chapter 3) at each 
sampling date. 
$.( Area harvested at maturity by machine. 
~ Area sprayed with a solution containing 600g a.i./ha paraquat (Gramoxone) as a dessication 
treatment but results were not presented in this thesis. 
APPENDIX IV 
Climate data· for Lincoln, Canterbury from September 1987 to March 1988 and September 
1988 to January 1989, compared with long term averagesb• 
Month 
September 1987 
October 
November 
December 
January 1988 
February 
March 
September 1988 
October 
November 
December 
January 1989 
Rainfall 
(mm) 
18 (47) 
65 (49) 
49 (53) 
34 (57) 
28 (60) 
34 (54) 
26 (57) 
7 (47) 
7 (49) 
30 (53) 
23 (57) 
60(60) 
Mean Daily Solar Radiation 
Temperature rC) (MJ/m2/day) 
9.8 (9.2) 13.3 (13.6) 
11.9 (11.3) 17.6 (18.0) 
13.3 (13.3) 19.6 (20.6) 
15.4 (15.3) 19.9 (21.0) 
17.2 (16.6) 19.1 (21.5) 
17.2 (16.6) 12.6 (19.4) 
14.3 (14.9) 11.5 (17.4) 
11.2 (9.2) 12.9 (13.6) 
14.0 (11.3) 17.8 (18.0) 
15.1 (13.3) 21.2 (20.6) 
18.0 (15.3) 25.6 (2f.O) 
18.2 (16.6) 22.5 (21.5) 
• meteorological station was 20m and 3km from the 1987/88 and 1988/89 experiments 
respectively. 
b long term averages for solar radiation and rainfall (1930-1981) and mean temperature 
(1951-1980) are in brackets. 
APPENDIX V 
Yield and yield components for barley (cv. Triumph) plots with fungicide spray programme_s ~ 
ranging from nil to prophylactic, grown in 1987/88. 
Crop· Treatment Quadrat Header Number of Number of Individual 
Numberb Grain Yield Grain Yield Earslm2 GrainslEarc Grain Weight 
(gDMlm2) (gDM/m2) (msDM) 
1 9d 763 733 895 21.5 39.7 
10 756 668 868 21.2 41.2 
8 709 576 850 21.2 39.4 
6 584 495 754 21.3 36.4 
7 532 476 696 21.2 36.1 
5 488 337 700 22.0 31.7 
2 472 496 668 22.2 31.8 
4 422 387 638 21.7 30.4 
3 403 394 579 23.1 30.1 
1 329 341 558 21.4 27.5 
2 8 650 536 800 20.5 39.7 
9 641 516 780 19.8 41.5 
10 640 569 831 19.4 39.7 
7 566 454 694 20.8 39.2 
6 489 414 604 21.0 38.6 
2 436 362 605 20.8 34.7 
4 416 362 624 21.4 31.2 
5 389 379 567 20.7 33.1 
3 375 336 586 20.9 30.7 
1 324 313 490 22.3 29.7 
3 10 336 286 783 16.3 26.4 
9 334 309 726 17.0 27.0 
8 242 186 737 15.4 21.2 
7 210 188 564 15.2 24.4 
5 183 167 565 13.8 23.5 
6 182 129 558 15.0 25.2 
3 164 136 525 14.2 21.7 
2 160 114 564 14.4 19.7 
4 157 115 539 14.5 20.0 
1 125 116 460 14.3 19.1 
4 10 350 314 686 17.1 29.8 
9 270 209 675 16.8 23.7 
7 267 233 659 16.1 25.2 
8 247 196 659 15.3 24.4 
2 194 199 568 14.4 23.7 
5 183 130 566 14.4 23.7 
6 182 153 541 14.1 23.9 
4 158 158 486 13.4 24.3 
3 154 157 475 13.7 23.6 
1 137 112 450 14.6 24.3 
• High (crop 1) and low (crop 2) input, early crops sown on 17 September. High (crop 3) and low 
(crop 4) input, late crops sown on 3 December. 
b Plots received disease treatments which ranged from nil (treatment 1) to prophylactic 
(treatment 10; refer to Figures 2.1a,b for spray programme details). 
c Calculated from grain yield, ears/m2 and grain weight. 
d Bolded treatments = data presented in this chapter. 
APPENOIXVI 
Yield and yield components for barley (cv. Triumph) plots with fungicide spray programmes 
ranging from nil to prophylactic, grown in 1988/89. 
Crop· Treatment Quadrat Header Number of Number of Individual 
Numberb Grain Yield Grain Yield Earslm2 GrainslEarc Grain Weight 
(gOM/m2) (gOMlm2) (mgOM) 
5 8d 806 631 904 23.5 37.9 
6 782 629 851 23.7 38.7 
5 749 610 840 24.1 37.0 
3 715 660 745 27.5 34.9 
4 690 578 813 24.0 35.3 
2 587 508 782 23.5 32.0 
1 529 453 681 23.2 33.5 
6 7 696 526 862 21.1 38.3 
8 612 387 750 22.2 36.7 
4 548 331 747 22.3 32.9 
3 518 380 675 21.3 36.0 
5 470 357 690 20.8 32.8 
1 438 323 637 22.2 31.0 
2 429 324 625 20.1 34.1 
7 6 323 244 558 17.3 33.4 
7 310 234 534 18.1 32.0 
5 293 255 530 18.1 30.5 
3 276 219 492 18.2 30.8 
4 266 214 512 18.2 28.6 
1 257 186 484 18.7 28.4 
2 244 178 496 17.5 28.1 
• High (crop 5), medium (crop 6) and low (crop 7) input crops. 
b Plots received disease treatments which ranged from nil (treatment 1) to prophylactic (treatment 8 
(crops 5 and 6) or treatment 7 (crop 7); refer to Figures 2.1c for spray programme details). 
c Calculated from grain yield, ears/m2 and grain weight. 
d Bolded treatments = data presented in this chapter. 
Note: Treatments 7 (crop 5), 6 (crop 6) and 8 (crop 7) were excluded from analysis because of 
experimental error associated with trial management. 
I APPENDIX vn~ 
Method of analysis used to determine the relationship of regression slope values (b) to crop yield 
potential. Data for the relationship of per cent disease severity at growth stage 70 and yield (gDMP) in 
the four 1987/88 crops (see Figure 4.1b) was used to demonstrate the analysis method. 
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ci (yield potential) 
Null hypothesis is bl =b2=b3=b4=O. 
Step 1: The distance of each crop yield potential value (ci) from the mean (X; first polymonial of degree 
zero) is calculated by subtraction (ccx) and designated Cj • 
Step 2: A linear contrast in the slopes (C) is calculated using the Cjth values by: 
Step 3: The standard error of the linear contrast (SE(C» is calculated from the standard errors of the slope 
values (se(biV as: 
Step 4: 
SE(C) = se [ - (C1*bl) - (C2*b~ + (C3*b3) + (C4*b~] 
=/(-CI)2*[se(bI)]2 + (-C~2*[se(b~]2 + (C3)2*[se(b3)]2 + (C~2*[se(b~]2 
Unpooled standard error of slope was calculated as se(bl) = bj /J(M.S(regn)/MS(error». where 
MS(regn) and MS(error) are the regression mean square and error mean square respectively. Pooled 
standard error of slopes were calculated as se(tH) = ./(s2/r.(xrxi) where s2 is the pooled error mean 
square for data for all crops and x is the mean of x;'s for each crop. 
A t value is calculated by C/SE(C) and is compared to the critical values of t. at degrees of freedom 
(pooled) of r.(n-2), or degrees of freedom (unpooled) of: 
= [(V I +V2+V3+V ~2 / [(V12/nl-l)+(V22~-1)+(Vl/n3-1)+(Vl/n4-1)] 
where V is the variance about the regression line and n is the number of observations. 
Data shown in the diagram is given in the table on the next page. Calculations for the analysis are given below 
the table. 
APPENDIX VB continued ... 
Crop Yield bl se(bll V n Cj-:I 
Potential (unpoo ed) 
(Cj) 
1 763.0 -8.4 1.66 700.7 10 238.3 
2 654.7 4.8 0.69 268.0 10 125.0 
3 335.9 -2.8 0.69 217.2 10 -188.8 
4 350.1 -2.3 0.46 137.6 10 -174.6 
:1=525.9 
Step 1 is shown in the seventh column. 
Step 2: 
Step 3: 
Step 4: 
c = - (188.8*2.8) - (174.6*2.3) + (125.0*4.8) + (238.3*8.4) 
= - 528.6 - 401.6 + 600.0 + 2001.7 
= 1671.5 
SE(C) = se [-(188.8*2.8) - (174.6*2.3) + (125.0*4.8) + (238.3*8.4)] 
=)(-188.8)2*(0.69)2 + (-174.6)2*(0.46)2 + (125.0)2*(0.69)2 + (238.3)~(1.66)2 
=J16971 + 6451 + 7439 + 156482 
=432.8 
~calc) = 1671.5/432.8 
= 3.862 
= [(700.7+268.0+217.2+137.6)2]/[(700.72/9)+(268.02/9)+(217.22/9)+(137.22/9)] 
= 1751652/69867 
=25.1 
=25 
~o.oS) = 2.060 (25 d.t) 
~o.Ol) = 2.787 (25 d.t) 
t(O.OOl) = 3.725 (25 d.t) 
The t value for the linear contrast (3.862) is significant at the 0.1 % level, rejecting the null hypothesis. A linear 
trend in the slope values for the four crops is present 
APPENDIXvm 
Regression parameters for the relationship between per cent yield and AUG LAIC 
(m2/rnZ.days) for crops in 1988189. 
• 
b 
a 
5 42.9 
6 4.2 
7 33.9 
Regression Parametersb 
b (seb) 
0.209 (0.0458) 
0.436 (0.1457) 
0.700 (0.1889) 
0.77 "'''' 
0.57'" 
0.68 '" 
High (crop 5), medium (crop 6) and low (crop 7) input crops sown on 20 September 1988 . 
Details of management inputs for these crops are in Table· 2.1. 
Regression equations are in the fonn; 
% Yield = a + b (AUGLAIC). 
"',...... Models significant at P<0.05, 0.01 respectively. 
Slope linear contrasts: t values for crops in: 
1988189 (-1.574) not significant (P>O.05; to.os= 2.13115df) 
both years (-3.762) significant (P<O.OOI; to.001= 3.520 47df). 
APPENDIX IX 
Experimental details of barley crops used as independent data for comparison with disease:yield loss models 
derived in this thesis. 
Experimental 
Details 
Cultivar 
Sowing Date 
Plant Population 
Management: 
irrigation 
herbicide 
insecticide 
fertiliser (N,P,K,S) 
fungicide 
Epidemic Types 
GLA Measurements 
Lim (1982) 
Zephyr 
23 November 1978 
400-460/m2 
no 
yes 
no 
yes 
benodanil (750g a.i.!ha) 
natural infection, 
different starting 
and finishing dates, 
different severities 
MS+Tlb 
References 
Jenkyn (1976) G. Whelan (1992)-
Zephyr Triumph 
19 March 1973 mid-winter (23 June, 20 July 1987) 
early-spring (3,28 August 1987) 
late-spring (20 October 1987) 
early-summer (27 November 1987) 
mid-summer (22 December 1987) 
48/m row 250/m2 
NA yes 
NA yes 
NA yes 
yes yes 
tridemorph (526g a.i./ha) triademenol (125g ai./ha) 
carbendazin 250g a.i./ha) 
triadimefon (125g a.i./ha) 
prochloraz (450g a.i./ha) 
propiconazole (125g a.i./ha) 
natural infection, no disease 
different starting dates, 
similar finishing dates, 
different severities 
random tillers whole plant 
• Crop growth was not constrained by water or nutrient availability, weed competition or insect damage. 
b nomenclature of Mitchell (1953). 
NA = information not available. 
APPENDIX X 
Waveband specifications of CROPS CAN multispectral radiometer. 
Channel 
1 
2 
3 
4 
5 
6 
7 
8 
Central Wavelength 
(nm) 
500 
550 
600 
650 
700 
750 
800 
850 
Band Width 
(nm) 
7.4 
9.2 
10.1 
11.4 
12.3 
13.4 
11.3 
11.9 
APPENDIX XI 
Relationship between yield (gDMlm2) of barley (cv. Triumph) and green host tissues in the 
high (crop 5; ° ), medium (crop 6; b. ) and low (crop 7; 0 ) input crops sown on 20 
September 1988. 
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Area under green leaf area index curve (m2/m2.days; dotted lines) and Area under green 
area index curve (m2/m2.days; solid lines). 
Regression equations for each crop, in the form of Yield = a + b(AUGLAIC) or Yield = a + 
b(AUGAIC), were: 
Crop 
5 
6 
7 
5t07 
AUG LAIC Model: 
Regression Parameters 
a b (seb) R2adJ 
345.4 1.69 (0.369) 0.77 •• 
29.5 3.03 (1.015) 0.57 • 
109.3 2.26 (0.610) 0.68 • 
84.2 2.80 (0.204) 0.90··· 
AUGAIC Model: 
Regression Parameters 
a b (seb) R2adJ 
336.7 1.20 (0.253) 0.78·· 
11.5 2.29 (0.659) 0.65 • 
131.4 1.43 (0.404) 0.66 • 
94.2 1.94 (0.128) 0.92··· 
., •• , ••• Models significant at P<0.05, 0.01 and 0.001 respectively by F test. 
APPENDIX XII 
Method for estimating the fraction of incident radiation intercepted by green leaves from 
green leaf area index (GLAI) data. 
This method was based on the method of Gallagher and Biscoe (1978b) and assumed that: 
(i) The fraction of solar radiation transmitted (t) through the canopy was 
t = e -k· GLAI 
where e is the dry matter yield of energy (g/MJ) and k is the canopy radiation 
extinction coefficient (assumed to be 0.44; Szeicz, 1974b; Gallagher and Biscoe, 
1978b; Thome et al., 1988; Monteith and Unsworth, 1990). 
(ii) That 10% of the radiation intercepted by the leaves is transmitted, therefore 
t = e -0.9 • k • GLAI. 
The fraction of incident radiation intercepted by the crop GLAI (t) was given by 
(1) 
(2) 
(3) 
The fraction of radiation intercepted by the canopy was calculated using Equation 3 at 7 to 10 day 
intervals from seedling emergence to the senescence of the last green leaf, using GLAI 
(section 2.2.2) measured on the last day of each interval. Accumulated PAR was calculated by 
multiplying these fractions by the 7 to 10 day totals of incident PAR (section 6.2) prior to the 
sampling date of GLAI and summing these values for the season. 
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